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Abstract 


The  DNA  Synthesome:  A  Model  for  Studying  Breast  Cancer  Cell  DNA  Replication  and 
the  Mechanisms  of  Action  of  Anti-Breast  Cancer  Agents 

Jennifer  M.  Coll,  Doctor  of  Philosophy,  1998 

Dissertation  directed  by;  Linda  H.  Malkas,  Ph.D.,  Associate  Professor,  Department  of 
Pharmacology  and  Experimental  Therapeutics 

We  have  isolated  a  multiprotein  complex  for  DNA  synthesis,  designated  the  DNA 
synthesome,  from  human  breast  cancer  (MDA  MB-468)  cells,  biopsied  human  breast 
tumor  tissue  and  xenografts  from  nude  mice  injected  with  the  human  breast  cancer  cell 
line  MCF-7.  The  breast  cell  DNA  synthesome  was  shown  to  fully  support  the  in  vitro 
replication  of  simian  virus  40  (SV40)  origin-containing  DNA  in  the  presence  of  the  viral 
large  T-antigen.  Moreover,  our  results  obtained  from  a  forward  mutagenesis  assay 
indicate  that  the  DNA  synthesome  isolated  from  malignant  breast  cells  possesses  a  lower 
fidelity  for  DNA  replication  in  vitro  than  the  complex  from  a  nonmalignant  breast  cell 
line.  The  proteins  and  enzymes  found  to  copurify  with  the  breast  cell  DNA  synthesome 
include:  DNA  polymerases  a,  5,  and  8,  DNA  primase,  proliferating  cell  nuclear  antigen 
(PCNA),  replication  factor  C  (RF-C),  replication  protein  A  (RP-A),  DNA  ligase,  DNA 
topoisomerases  I  and  11  and  poly(ADP-ribose)  polymerase.  To  begin  to  determine  the 
organization  of  these  DNA  synthetic  proteins  within  the  breast  cell  DNA  synthesome,  we 
performed  co-immunoprecipitation  experiments  with  antibodies  directed  against  DNA 
polymerases  a,  6  and  PCNA.  We  found  that  DNA  polymerases  a,  6,  DNA  primase,  RF- 
C  and  PCNA  tightly  associate  with  each  other  in  the  complex,  whereas  DNA  polymerase 
8,  PARP  and  several  other  components  interact  with  the  synthesome  via  an  interaction 


with  only  PCNA  or  DNA  polymerase  a.  Furthermore,  we  employed  the  breast  cell  DNA 
synthesome  as  a  model  to  study  the  mechanisms  of  action  of  two  anti-breast  cancer 
agents  that  target  the  DNA  synthetic  process,  irinotecan  (CPT-ll/SN-38)  and  etoposide 
(VP-16).  We  obtained  novel  data  suggesting  that  both  SN-38  and  VP-16  stabilized 
cleavable  complexes  represent  blocks  to  replication  fork  progression,  as  each  agent 
caused  an  accumulation  of  short  DNA  products  during  synthesome  mediated  in  vitro 
replication.  Overall,  our  results  indicate  that  breast  cancer  cells  utilize  an  asymmetric 
multiprotein  complex  to  mediate  DNA  synthesis  and  that  utilization  of  the  DNA 
synthesome  as  a  drug  model  may  provide  important  new  insights  into  the  mechanisms  of 


action  of  SN-38  and  VP- 16. 
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Chapter  1:  Introduction 
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L  BREAST  CANCER 

Breast  cancer  is  the  most  commonly  diagnosed  female  cancer  and  the  second 
leading  cause  of  cancer  death  among  women  in  the  United  States  [1].  The  incidence  of 
breast  cancer  occurrence  has  increased  steadily  over  the  past  several  decades  in  almost  all 
developing  countries  and  it  is  estimated  that  25%  of  patients  diagnosed  with  node¬ 
negative  breast  cancer  will  eventually  develop  recurrent  tumors  and  are  at  risk  of  death 
[2],  Risk  factors  for  the  development  of  breast  cancer  include  both  personal  and 
environmental  elements;  family  history  of  cancer,  higher  socioeconomic  class,  first 
childbirth  after  age  twenty-five,  early  age  of  menarche,  late  age  of  menopause,  a  high 
dietary  fat  intake  and  exposure  to  ionizing  radiation  [2,3],  Currently,  intense  research 
efforts  are  underway  to  understand  the  molecular  mechanisms  of  breast  cancer 
progression  and  develop  improved  approaches  for  the  detection  and  treatment  of  breast 
cancer. 

According  to  one  model  for  breast  cancer  progression,  the  disease  can  be  divided 
into  a  series  of  morphologically  distinguishable  stages,  beginning  with  benign  hyperplasia, 
which  develops  into  atypical  hyperplasia,  then  in  situ  carcinoma  and  finally  invasive  cancer 
[4],  Evidence  for  a  continuum  between  proliferative  breast  disorders  and  breast  cancer 
stems  from  several  clinical  observations.  For  example,  atypical  hyperplasia  of  breast  cells 
is  associated  with  a  ten-fold  increased  risk  for  the  development  of  breast  carcinoma  when 
found  in  women  with  a  positive  family  history  for  breast  cancer  [5].  Additionally,  a 
majority  of  infiltrating  ductal  carcinomas  contain  in  situ  components,  the  proportion  of 
which  varies  from  10%-90%  [6,7]. 
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Despite  some  compelling  support  for  the  morphological  continuum  model  for 
breast  cancer  progression,  many  invasive  cancers  do  not  contain  atypical  components. 
This  observation  suggests  that  these  cancers  may  have  originated  directly  from 
morphologically  normal  breast  tissue.  As  further  evidence  against  the  continuum  model, 
no  stepwise  acquisition  of  genetic  events  is  associated  with  the  transition  from  at5q)ical 
hyperplasia  to  invasive  breast  cancer  [8]. 

In  fact,  at  the  molecular  level,  breast  cancer  evolves  by  the  clonal  expansion  of 
cells  that  have  acquired  various  genetic  aberrations  that  provide  them  with  selective 
growth  advantages:  deregulated  proliferation,  tissue  invasiveness,  angiogenesis  and  the 
ability  to  metastasize  [9].  A  widely  accepted  theory  for  breast  cancer  progression,  the 
stochastic  model,  maintains  that  each  phenotype  required  for  malignancy  can  be 
accomplished  by  several  genetic  lesions,  with  some  lesions  causing  a  more  aggressive 
phenotype  than  others  (Figure  1)  [8].  Additionally,  the  phenotypic  changes  required  for 
the  development  of  invasive  cancer  may  be  acquired  by  tumor  cells  in  any  order.  For 
example,  when  cells  acquire  the  ability  to  invade  basement  membrane  before  the  potential 
for  deregulated  growth,  the  invasive  tumor  will  not  proceed  through  a  morphologically 
distinguishable  in  situ  stage.  The  stochastic  model  for  breast  cancer  progression  is 
substantiated  by  comparative  analyses  of  genetic  alterations  between  pre-invasive  and 
invasive  breast  tumors,  where  amphfication  of  c-myc,  abnormal  expression  of  RB-1  or  loss 
of  heterozygosity  (LOH)  at  chromosome  17p  each  correlates  with  deregulated 
proliferation  [10-12].  These  studies  also  reveal  that  a  number  of  LOH  lesions,  particularly 
at  1  lq23  and  1  lql3,  may  appear  either  early  or  late  in  breast  cancer 
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Figure  1.  Stochastic  model  of  breast  cancer  progression.  This  model  accounts  for  the  extreme  biological 
heterogeneity  among  breast  cancers.  Numbers  1-4  in  each  column  represent  a  hypothetical  set  of  4  genes 
whose  aberrant  expression  allows  the  acquisition  of  the  4  malignant  phenotypes  indicated.  Thus  a  large 
variety  of  combinations  (256  in  this  example)  are  possible.  During  malignant  progression,  these  genetic 
lesions  are  acquired  stochastically.  Depending  on  which  gene/genes  in  the  set  becomes  abnormal,  the 
resulting  tumor  can  be  more  or  less  aggressive  in  attaining  the  indicated  phenotype.* 
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progression  [13-16],  Moreover,  the  stochastic  model  accounts  for  the  often  markedly 
different  clinical  outcomes  between  cancers  of  similar  stage  and  histology. 

Among  the  genetic  aberrations  associated  with  carcinoma  of  the  breast,  mutations 
in  the  p53  tumor  suppressor  gene  are  the  most  frequently  identified  lesions  [17],  p53  is  a 
393  amino-acid  nuclear  phosphoprotein  transcription  factor  that  acts  as  a  guardian  of  the 
genome  by  triggering  Gi  cell  cycle  arrest  or  apoptosis  in  response  to  DNA  damage 
[3;  18, 19],  Such  a  role  for  p53  is  supported  by  studies  demonstrating  that  ionizing 
radiation  induces  Gi  cell  cycle  arrest  in  p53  negative  cells  after  their  transfection  with 
wild-type  p53  constructs  and  that  p53  is  essential  for  the  initiation  of  apoptosis  in  murine 
cortical  thymoc5^es  after  their  treatment  with  the  anticancer  agent,  etoposide  [20,21],  The 
transient  delay  mediated  by  p53  at  the  Gi/S  boundary  permits  the  repair  of  damaged  DNA 
prior  to  the  onset  of  DNA  replication.  In  the  event  that  repair  mechanisms  fail,  p53 
triggers  apoptosis,  thus  preventing  the  propagation  of  cells  that  have  sustained  mutations. 
Alterations  of  the  p53  tumor  suppressor  gene  abrogate  the  genome-fidelity-monitoring 
function  of  normal  p53  and,  consequently,  lead  to  the  accumulation  of  a  number  of 
mutations  throughout  the  genome.  Such  mutations  include  LOH  at  chromosomes  3p  and 
7q,  amplification  of  the  c-erbB2  gene  and  allelic  loss  on  chromosome  17  [22,23], 
Furthermore,  point  mutations  in  the  p53  gene  generate  mutant  polypeptides  with  an 
increased  half-life,  allowing  their  immunohistochemical  detection  under  conditions  where 
cells  expressing  wild-type  p53  do  not  stain  [24],  Several  immunohistochemical  studies 
have  shown  a  correlation  between  p53  immunopositivity  of  breast  tumor  cells  and  a  high 
S-phase  fi-action  [25];  as  well  as  high  tumor  histologic  grade,  overexpression  of  the 
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epidermal  growth  factor  receptor  (EGF-R)  [26-28]  and  poor  prognosis  for  patient  survival 
[27], 

In  addition  to  p53  tumor  suppressor  gene  mutations,  other  genetic  aberrations 
frequently  identified  in  sporadic  breast  cancer  include:  overexpression  of  the  EGF-R  as 
well  as  the  c-erbB2  and  c-erbB3  type  1  growth  factor  receptors;  amplification  of  c-myc 
and  cyclin  Dl,  and  LOH  at  the  sites  of  the  RB-1,  BRCA2,  maspin,  nm23-l  and  nm23-2 
tumor  suppressor  genes  [8],  As  with  p53  gene  mutations,  each  of  these  genetic  alterations 
(excluding  LOH  at  maspin,  nm23-l  and  nm23-2  loci)  has  been  shown  to  correlate  with  a 
high  tumor  proliferation  index.  For  instance,  elevated  expression  of  EGF-R,  identified  by 
one  group  in  46/99  primary  breast  tumors  (stage  I-IIB),  was  found  to  associate  closely 
with  both  a  high  S-phase  fraction  and  poor  patient  prognosis  [29],  Additionally,  several 
investigators  have  determined  that  the  overexpression  of  c-erbB2  and  the  amplification  of 
c-myc  in  primary  mammary  carcinomas  each  correlates  with  a  high  proliferation  index  and 
unfavorable  clinical  outcome  [10;30,31].  Finally,  there  is  a  substantial  body  of  evidence 
that  abnormal  expression  of  pRb,  identified  in  a  large  number  of  primary  breast  tumors,  is 
related  to  both  a  high  S-phase  fraction  and  high  mitotic  index  [11;32].  These  data 
demonstrate  that  many  different  pathways  can  lead  to  deregulated  cellular  proliferation 
during  the  transformation  process:  upregulated  growth  factor  receptor  expression  (EGFR, 
c-erbB2);  increased  expression  of  transcription  factors  that  serve  as  positive  modulators  of 
cell  growth  (Myc);  or  abrogation  of  tumor  suppressor  function  (p53,  pRb).  Furthermore, 
these  results  underscore  the  importance  of  the  high  proliferation  phenotype  to  aggressive 
breast  cancer  progression. 
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Indeed,  the  proliferative  activity  of  breast  cancer  cells  has  recently  been  put 
forward  as  an  important  prognostic  factor,  particularly  when  measured  by  DNA  flow 
cytometry  or  ^H-thymidine  label  incorporation  into  DNA,  as  compared  to  other  methods 
[33-35],  Overall,  tumor  cell  kinetics  can  independently  predict  metastatic  potential, 
relapse-fi'ee  and  overall  patient  survival  as  well  as  response  of  tumors  to  chemotherapy 
and  hormonal  therapy  [33,34;36-38].  Data  from  one  clinical  research  study  performed  by 
McGuire  et  al.  demonstrate  that  a  higher  percentage  of  node-negative  breast  cancer 
patients  with  tumors  (diploid)  containing  a  low  S-phase  fi’action  enjoyed  a  longer  disease- 
free  survival  than  those  with  tumors  (diploid)  and  a  high  S-phase  fraction  [33;39].  It  is 
hypothesized  that  an  elevated  proliferation  index  represents  such  an  important  prognostic 
factor  in  primary  breast  cancer  because,  first,  it  may  signal  that  as  yet  unidentified  genes 
associated  with  metastasis  have  been  turned  on  or  genes  that  suppress  invasion  or 
metastasis  have  been  turned  off  [40],  For  example,  as  mentioned  earlier,  it  has  been 
demonstrated  that  elevated  proliferation  rates  correlate  with  overexpression  of  c-erbB2 
and/or  mutations  in  the  p53  tumor  suppressor  gene  [25;30].  Such  associations  may  partly 
explain  why  a  high  S-phase  fraction  predicts  early  disease  recurrence  in  breast  cancer 
patients.  Second,  a  simpler  explanation  for  the  close  relationship  between  a  high  tumor 
proliferation  rate  and  poor  patient  prognosis  is  that  fast-growing  tumors  proceed  more 
rapidly  through  the  stages  of  breast  cancer  progression  than  slow-growing  tumors  [40], 

In  addition  to  a  high  proliferation  phenotype,  it  has  recently  been  shown  that 
mammary  cancer  cells  possess  a  significantly  lower  fidelity  for  DNA  rephcation  than  non- 
malignant  breast  cells  [41],  Such  a  decreased  fidelity  for  DNA  synthesis  suggests  that 
transformation  alters  the  process  by  which  the  DNA  replication  machinery  of  breast  cells 
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replicates  and/or  participates  in  the  repair  of  DNA.  One  explanation  for  the  low  fidelity  for 
DNA  replication  of  breast  cancer  cells  stems  fi'om  the  observation  that  specific  DNA 
synthetic  proteins  are  targets  for  molecular  modification  during  cellular  transformation 
[42].  DNA  polymerases  a  and  8  purified  fi'om  Novikoff  hepatoma  cells,  for  instance,  have 
altered  physicochemical  and  catalytic  properties  compared  to  the  respective  polymerases 
isolated  from  normal  liver  cells  [42],  During  DNA  synthesis,  these  altered  molecular  and 
catalytic  properties  may  contribute  to  a  decreased  specificity  for  nucleotide  selection  by 
the  polymerases,  which  in  turn  leads  to  an  increased  mutation  rate  and,  in  part,  overall 
genomic  instability.  Despite  the  importance  of  the  DNA  synthetic  process  to  breast  cancer 
progression,  there  is  a  paucity  of  information  regarding  the  precise  molecular  mechanisms 
and  regulation  of  human  breast  cell  DNA  replication. 

II.  SV40  DNA  REPLICATION  IN  VITRO 

The  advent  of  cell-free  based  DNA  replication  systems,  in  particular  that  of  the 
simian  virus  40  (SV40)  [43,44],  has  greatly  facilitated  the  study  of  semi-conservative 
mammalian  DNA  synthesis  in  vitro  [45].  SV40  is  a  small  DNA  tumor  virus  and  a  member 
of  the  papovavirus  family  [46].  The  SV40  genome  consists  of  a  5,243  base  pair,  double- 
stranded,  covalently  closed  circular  chromosome,  the  replication  of  which  occurs  in  the 
nuclei  of  both  permissive  monkey  and  human  cells.  Viral  DNA  rephcation  proceeds 
bidirectionally  and  semi-conservatively  from  unique  SV40  origin  sequences,  terminating 
approximately  half-way  around  the  molecule  from  the  point  of  initiation.  The  pre-initiation 
reaction  of  SV40  DNA  synthesis  requires  a  specific  interaction  between  the  SV40  origin 
and  a  virally  encoded  protein,  the  large  T-antigen.  After  binding  to  the  origin,  T-antigen 
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cooperates  with  topoisomerase  I  and  RP-A  to  unwind  origin  proximal  DNA  [47,48],  All 
subsequent  steps  in  the  replication  process  (initiation,  elongation  and  termination)  solely 
depend  upon  simian  or  human  host  proteins.  Therefore,  utilization  of  the  SV40  in  vitro 
DNA  replication  system  has  allowed  researchers  to  determine  the  identities  and  functions 
of  several  proteins  essential  to  mammalian  DNA  synthesis  [49-51],  In  particular, 
replication  protein  A  (RP-A),  DNA  polymerase  a-primase,  DNA  polymerase  5, 
proliferating  cell  nuclear  antigen  (PCNA),  replication  factor  C  (RF-C),  maturation  factor  1 
(MF-1),  DNA  ligase  I,  and  DNA  topoisomerases  I  and  H,  actively  participate  in  DNA 
synthesis  in  vitro.  A  brief  description  of  each  of  these  proteins  participating  in  DNA 
S5mthesis  in  vitro  follows. 

RP-A 

During  SV40  DNA  synthesis  in  vitro,  RP-A,  or  human  single-stranded  DNA 
binding  protein  (SSB),  stabilizes  newly  formed  single-stranded  regions  created  in  template 
DNA  by  the  helicase  activity  of  the  large  T-antigen  [48;52-54].  RP-A  is  purified  fi'om 
human  cells  as  a  tightly  associated  complex  of  three  polypeptides  with  molecular  masses 
of  70,  32  and  14  kDa  [54],  Although  the  entire  complex  functions  as  an  SSB,  recent 
studies  have  localized  the  DNA  binding  activity  of  RP-A  to  the  70  kDa  subunit  [55],  RP- 
A  probably  participates  in  both  the  initiation  and  elongation  stages  of  DNA  s3mthesis. 
First,  it  has  been  shown  that  during  the  former  stage  of  replication,  RP-A  is  necessary  for 
the  presynthetic  unwinding  of  SV40  origin  containing  DNA  by  the  viral  large  T-antigen 
[56],  Second,  a  role  for  RP-A  in  the  elongation  stage  is  surmised  from  its  ability  to 
stimulate  the  activity  of  DNA  polymerase  5  in  the  presence  of  the  accessory  factors. 
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PCNA  and  RF-C  [57],  Finally,  there  is  a  substantial  body  of  evidence  suggesting  that  RP- 
A  may  also  act  in  DNA  repair  and  recombination  [58-60], 

DNA  Polymerase  a-primase 

DNA  polymerase  a-primase  is  purified  fi'om  eukaryotic  cells  as  a  four  polypeptide 
complex  with  subunits  having  molecular  masses  of  48,  58,  70  and  180  kDa  [61],  DNA 
polymerase  a  activity  resides  in  the  180  kDa  subunit;  whereas,  DNA  primase  is  composed 
of  the  48  and  58  kDa  subunits.  The  function  of  the  70  kDa  polypeptide  has  not  been  fully 
determined;  however,  studies  suggest  that  it  may  tether  the  pol5mierase  a-primase 
complex  to  replication  forks  or  serve  as  a  connector  between  these  two  proteins  [55;62]. 
During  the  pre-initiation  unwinding  reaction  of  the  SV40  origin,  DNA  polymerase  a- 
primase  interacts  with  the  viral  large  T-antigen  and  RP-A  [63,64],  This  physical 
interaction  is  required  for  the  synthesis  of  a  nascent  RNA-DNA  by  polymerase  a-primase 
on  both  the  leading  and  lagging  strand  templates.  According  to  one  model  for  DNA 
replication,  DNA  primase  continues  to  catalyze  the  synthesis  of  small  oligoribonucleotide 
repeats  on  the  lagging  strand  during  the  elongation  stage,  and  these  primers  are 
subsequently  extended  by  polymerase  a  to  form  Okazaki  fragments  [64], 

DNA  Polymerase  8 

Another  polymerase  essential  to  DNA  replication  in  vitro  is  DNA  polymerase  6 
[65-67],  DNA  polymerase  6  is  composed  of  two  subunits;  a  125  kDa  polypeptide  that 
possesses  an  intrinsic  3’-5’  exonuclease  activity  and  a  50  kDa  polypeptide  of  unknown 
function  [61],  Different  from  polymerase  a,  DNA  polymerase  6  is  believed  to  conduct 
leading  strand  DNA  replication  during  DNA  chain  elongation  [49;64].  In  support  of  this 
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proposed  role,  only  short  lagging  strand  SV40  DNA  products  are  synthesized  in  vitro  in 
replication  reactions  lacking  purified  polymerase  5  [64],  The  processivity  of  polymerase  5 
is  stimulated  approximately  100  fold  by  PCNA,  which  forms  a  sliding  clamp  around 
duplex  DNA  facilitating  the  continuous  translocation  of  polymerase  5  along  the  template 
[68],  Additionally,  RF-C,  in  the  presence  of  RP-A  and  PCNA,  has  been  reported  to 
cooperatively  stimulate  the  activity  of  polymerase  5  [57]. 

PCNA 

The  gene  for  PCNA  encodes  a  single  pol5T)eptide  of  28.7  kDa;  however,  PCNA 
migrates  through  denaturing  polyacrylamide  gels  with  an  apparent  molecular  mass  of  36 
kDa  [68].  Additionally,  data  fi'om  gel  filtration  and  glycerol  gradient  sedimentation 
analyses  demonstrate  that  native  PCNA  exists  as  a  trimer,  in  which  the  three  molecules 
adopt  a  ring-like  or  sliding  clamp  structure  around  duplex  DNA  [68].  The  formation  of 
this  sliding  clamp  configuration  by  PCNA  enables  the  protein  to  facilitate  the  continuous 
translocation  of  polymerase  8  along  template  DNA  during  the  elongation  stage  of  DNA 
replication.  Indeed,  several  studies  have  shown  that  in  the  absence  of  PCNA  only  early 
replicative  lagging  strand  products  are  synthesized  during  SV40  DNA  replication  in  vitro 
[66].  As  polymerase  6  depends  on  PCNA  for  its  fiall  activity  and  processivity,  the  latter 
protein  has  been  designated  an  accessory  factor  for  the  polymerase  [69,70].  Furthermore, 
that  PCNA  plays  a  vital  role  in  cellular  metabolism  stems  fi'om  the  observation  that  many 
of  the  biochemical  properties  of  the  protein,  i.e.,  molecular  weight,  isoelectric  point  and 
antigenicity,  have  been  highly  conserved  during  evolution  [71]. 
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RF-C 

Another  cellular  factor  essential  to  SV40  DNA  replication  in  vitro  is  RF-C  or 
activator  1.  RF-C  is  isolated  from  human  cells  as  a  protein  complex  composed  of  five 
unique  polypeptides  with  molecular  masses  of  140-145,  40,  38,  37  and  36  kDa  [72-74], 
The  RF-C  complex  is  an  ATP-dependent,  structure-specific  DNA  binding  apparatus  that 
recognizes  the  primer-template  junction  [75],  After  binding  to  the  3’  end  of  nascent  DNA 
at  the  origin,  RF-C  displaces  polymerase  a-primase  from  the  primer  terminus  and 
subsequently  loads  PCNA  and  polymerase  5  onto  DNA  [49;64;76].  The  assembly  of  the 
RF-C-PCNA-polymerase  5  complex  permits  efficient  and  processive  leading  strand  DNA 
synthesis  for  many  thousands  of  nucleotides;  while  polymerase  a-piimase  continues  to 
prime  and  synthesize  DNA  discontinuously  on  the  lagging  strand  template  [49;57].  It  has 
recently  been  proposed  that  RF-C  facilitates  coordinated  synthesis  of  both  the  leading  and 
lagging  strands  during  DNA  replication  by  acting  as  a  connector  or  hinge  between 
polymerases  a  and  6  [57;64]. 

MF-1  and  DNA  Ligase  I 

Both  MF-1  and  DNA  ligase  I  are  essential  for  the  maturation  of  daughter  DNA 
molecules  in  SV40  DNA  replication  in  vitro  [45;64].  MF-1  is  a  44  kDa  structure-specific 
5’-3’  exo/endonuclease  which  is  also  known  as  flap-endonuclease  1  (FEN-1),  RTH-1  and 
the  human  homologue  of  the  Schizosaccharomyces  pombe  rad  2  gene  product  [77], 
During  Okazaki  fragment  processing,  MF-1,  along  with  RNase  HI,  remove  initiator  RNA 
primers  from  the  lagging  strand,  allowing  DNA  polymerase  to  create  a  substrate  for 
ligation  [78],  DNA  ligase  I  mediates  this  ligation  reaction  in  which  the  adjacent  5’  and  3’ 
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ends  of  Okazaki  fragments  are  covalently  joined  to  produce  form  I  closed  circular 
daughter  DNA  molecules  [64;79]. 

DNA  Topoisomerases  I  and  II 

Human  topoisomerase  I  is  a  monomeric  100  kDa  nuclear  protein  that  is  essential 
to  such  cellular  processes  as  DNA  rephcation,  transcription  and  recombination  [80,81], 
During  the  first  stage  of  SV40  DNA  synthesis  in  vitro,  topoisomerase  I  cooperates  with 
T-antigen  and  RP-A  to  extensively  unwind  the  SV40  origin  [48;53;82,83],  and  in  later 
stages,  the  enzyme  relaxes  positive  and  negative  DNA  supercoils  as  they  accumulate 
ahead  of  the  replication  fork  [84],  Topoisomerase  I  alters  DNA  topology  by  introducing 
transient  single-strand  breaks  into  the  DNA  phosphodiester  backbone,  through  which 
another  DNA  strand  can  pass,  then  rejoins  these  nicked  strands  in  an  energy-independent 
process  [84;85].  During  this  breakage-reunion  reaction,  topoisomerase  I  forms  a  short¬ 
lived  cleavable  complex  with  DNA,  in  which  the  enzyme  remains  covalently  linked  to  the 
3’  end  of  the  nicked  strand.  Many  topoisomerase  I  inhibitors,  i.e.,  camptothecin  (CPT), 
exert  their  C34otoxicity  by  stabilizing  cleavable  complex  formation  [85-87],  It  is  postulated 
that  cell  death  results  from  irreparable  DNA  damage  produced  via  the  collision  of  moving 
replication  and  transcription  forks  with  drug-stabilized  topoisomerase  I  DNA  cleavable 
complexes  [85;88,89]. 

Topoisomerase  11  is  a  homodimeric  nuclear  enzyme  that  also  relaxes  supercoiled 
DNA  and,  in  a  unique  reaction,  facilitates  the  separation  of  intertwined  DNA  molecules. 
Specifically,  topoisomerase  11  introduces  transient  double-strand  breaks  into  the  DNA 
phosphodiester  backbone,  allowing  the  passage  of  duplex  DNA  [84],  After  strand 
passage,  topoisomerase  n  catalyzes  the  religation  of  DNA  double-strand  breaks  in  an  ATP 
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dependent  reaction.  Many  anticancer  agents  that  target  topoisomerase  II,  i.e.  etoposide 
(VP- 16),  inhibit  this  religation  step  and  stabilize  the  formation  of  DNA  topoisomerase  II 
cleavable  complexes  [90;91].  Studies  performed  in  intact  CV-1  cells  demonstrate  that 
topoisomerase  II  plays  an  essential  role  as  a  swivelase  in  the  late  stages  of  SV40 
chromosome  replication,  as  VP- 1 6  specifically  inhibits  the  decatenation  of  daughter  DNA 
molecules  [88,92],  In  addition  to  DNA  replication,  topoisomerase  II  has  been  reported  to 
play  critical  roles  in  RNA  transcription,  chromosome  condensation  and  segregation,  and 
may  tether  cellular  replication  machinery  to  the  nuclear  matrix  [93], 

It  has  recently  been  found  that  two  isoforms  of  topoisomerase  11  exist  in 
mammalian  cells,  a  (170  kDa)  and  P  (180  kDa),  which  differ  in  their  sensitivities  to 
pharmacological  agents  and  their  levels  of  expression  throughout  the  cell  cycle  [90;93]. 
Importantly,  the  a  isoform  of  the  enzjmie  is  preferentially  inhibited  by  cleavable  complex 
forming  topoisomerase  11  inhibitors  (i.e.,  VP- 16)  [90]. 

DNA  Polymerase  8  and  Poly(ADP-ribose)  Polymerase 

Although  neither  DNA  polymerase  s  nor  poly(ADP-ribose)  polymerase  (PARP)  is 
necessary  for  SV40  DNA  replication  in  vitro,  each  has  been  shown  to  be  essential  for 
mammalian  cell  DNA  synthesis.  Therefore,  a  brief  description  of  these  polypeptides 
follows. 

DNA  Polymerase  e 

Mammalian  DNA  polymerase  s  is  composed  of  a  greater  than  200  kDa  catalytic 

subunit  and  a  55  kDa  non-catalytic  polypeptide;  a  smaller  140  kDa  form  of  polymerase  e 
has  also  been  purified  from  eukaryotic  cells  and  may  represent  a  proteolytic  product  of  the 
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former  [94],  DNA  polymerase  s  is  not  required  for  SV40  DNA  sjmthesis  in  vitro', 
however,  several  reports  demonstrate  that  the  enzyme  is  essential  to  cellular  DNA 
rephcation.  For  example,  when  the  gene  encoding  the  yeast  homologue  of  DNA 
polymerase  eis  mutated,  the  yeast  cells  fail  to  proliferate  [95],  Also,  it  has  been  shown 
that  DNA  polymerase  eis  photolabeled  by  newly  made  cellular  DNA  in  CV-1  cells, 
indicating  that  the  polymerase  participates  in  the  replication  of  nuclear  chromosomes  [96], 
It  is  postulated  that  polymerase  e  links  the  replication  machinery  with  the  S-phase 
checkpoint  by  acting  as  a  sensor  that  coordinates  transcriptional  responses  to  DNA 
damage  [97], 

PARP 

PARP  is  a  116  kDa  enzyme  that  post-translationally  modulates  the  structure  and 
function  of  different  nuclear  proteins  such  as  histones  HI,  H2B,  H4,  DNA  topoisomerase 
I,  DNA  ligase  11  and  DNA  polymerase  P  by  catalyzing  their  ADP-ribosylation  [98].  This 
post-translational  modification  plays  an  auxiliary  role  in  several  nuclear  processes  such  as 
DNA  replication,  DNA  repair  and  cell  differentiation  [99],  A  role  for  PARP  in  DNA 
synthesis  is  further  supported  by  the  observations  that  PARP  activity  is  markedly  enhanced 
in  proliferating  cells  [100],  newly  replicated  chromatin  [101]  and  DNA  fragments  enriched 
in  replication  forks  [102],  Although  PARP  is  not  necessary  for  DNA  synthesis  in  vitro,  the 
enzyme  has  been  shown  to  sequester  fi'ee  3’  ends  of  Okazaki  fi'agments  during 
reconstituted  SV40  DNA  replication  in  vitro,  thereby  inhibiting  their  elongation  by  DNA 
polymerase  a  [103],  The  binding  of  PARP  to  DNA  termini  suggests  that  the  polymerase 
may  act  as  a  molecular  nick  sensor  [99],  In  this  role,  PARP  would  control  the  progression 
of  the  replication  fork  to  allow  the  repair  of  damaged  DNA  prior  to  its  duplication. 
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III.  MULTIPROTEIN  COMPLEXES  FOR  DNA  REPLICATION 

Although  the  identities  and  functions  of  many  proteins  required  for  DNA  synthesis 
have  been  determined,  their  functional  organization  permitting  the  efficient  replication  of 
DNA  has  not  been  determined.  Mammalian  cell  DNA  replication  represents  an  intricate 
and  complex  process.  First,  the  mammalian  chromosome  is  a  complex  nucleoprotein 
structure  composed  of  DNA  containing  multiple  origins  of  replication  as  well  as  proteins 
that  must  be  duplicated  along  with  DNA  to  maintain  chromosome  organization  [104]. 
Second,  chromosomal  replication  occurs  in  a  precise,  temporally  and  spatially  regulated 
manner  within  individual  replication  units  or  replicons  [105].  As  mammalian  cells  contain 
multiple  chromosomes,  each  possessing  many  replication  origins,  chromosomal  replication 
must  be  a  highly  coordinated  process;  one  that  does  not  merely  occur  by  random  collisions 
between  soluble  enzyme  factors  and  substrates. 

It  has  recently  been  postulated  that  the  DNA  synthetic  enzymes  and  non-enzymic 
proteins,  whose  concerted  action  is  required  for  efficient  DNA  replication,  may  be 
organized  into  a  multiprotein  complex.  In  support  of  this  hypothesis,  several  reports  have 
described  the  isolation  of  large  macromolecular  complexes  of  replication-essential 
pol3q)eptides  from  the  extracts  of  eukaryotic  cells  [45;  104; 106- 108].  For  example,  a  two 
million  dalton  complex  that  possesses  DNA  polymerase,  DNA  primase,  DNA  Ugase  and 
topoisomerase  II  activities  and  functions  to  replicate  the  extrachromosomal,  2  micron 
yeast  plasmid  DNA  in  vitro  has  been  isolated  from  yeast  cells  [109].  Additionally,  a 
megacomplex  of  enzymes  involved  in  dNTP  synthesis  and  DNA  replication,  known  as 
replitase,  has  been  purified  from  Chinese  hamster  embryo  fibroblast  cells  (CHEF/18) 
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[110],  Replitase  produces  deoxynucleoside  triphosphates,  channels  them  to  the 
microvicinity  of  DNA  replication,  and  effects  their  polymerization.  Furthermore,  a  protein 
fraction  predominantly  enriched  for  DNA  polymerases  a  and  5,  RP-A,  DNA 
topoisomerase  H  and  ors  (origin  enriched  sequence)  binding  activity,  which  binds  to  the 
ors  8  mammalian  autonomously  replicating  DNA  sequence,  has  been  purified  from  human 
cervical  cancer  (HeLa)  cells  [111].  This  putative  multiprotein  complex  is  capable  of 
supporting  the  replication  of  or5  8  plasmid  DNA  in  vitro.  Finally,  a  multiprotein  complex 
(RC  complex)  composed  of  DNA  polymerase  a-primase,  DNA  polymerase  6  and  RF- 
Chas  recently  been  purified  from  calf  thymus  [112].  The  RC  complex  is  capable  of 
polymerizing  primed  and  unprimed  single-stranded  Ml  3  DNA  templates  in  vitro. 

Our  laboratory  was  the  first  to  isolate  and  characterize  a  multiprotein  DNA 
replication  complex,  designated  the  DNA  synthesome,  firom  human  cervical  cancer  (HeLa) 
and  murine  mammary  carcinoma  (FM3  A)  cells  that  fully  supports  origin  specific  and  large 
T-antigen  dependent  papovavirus  DNA  replication  in  vitro  [45;104;113-115].  As 
described  in  later  chapters  of  this  thesis,  we  have  also  successfully  isolated  the  DNA 
synthesome  fi-om  human  breast  cancer  (MDA  MB-468)  cells  as  well  as  fi-om  biopsied 
human  breast  tumor  tissue  and  xenografts  from  nude  mice  injected  with  the  breast  cancer 
cell  line  MCF-7  [116].  The  DNA  products  synthesized  by  the  DNA  synthesome  consist  of 
monomeric  circular  form  I  and  11  DNAs  as  well  as  topological  and  replicative 
intermediates.  Furthermore,  the  majority  (80-90%)  of  these  products  are  resistant  to 
digestion  by  Dpnl,  which  is  consistent  with  the  criteria  for  semi-conservative  replication  of 
full-length  DNA.  In  addition  to  the  viral  large  T-antigen  and  SV40  origin  sequences,  the 
replication  activity  of  the  DNA  synthesome  is  dependent  on  Mg^ ,  ribonucleoside 
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triphosphates,  deox5Tibonucleotide  triphosphates  and  a  renewable  source  of  ATP, 
provided  by  phosphocreatine  kinase  and  phosphocreatine  [45],  These  requirements  for 
DNA  synthesome  mediated  in  vitro  DNA  replication  are  comparable  to  those  observed  for 
cells  permissive  for  SV40  infection  [117]  as  well  as  for  crude  extracts  prepared  from  cells 
that  are  permissive  for  SV40  DNA  synthesis  [118],  These  results  suggest  that  the  DNA 
synthesome  represents  the  replication  machinery  of  intact  cells. 

We  have  reported  that  the  DNA  synthesome  retains  its  ability  to  replicate 
papovavirus  DNA  after  its  additional  purification  by  anion-exchange  chromatography  and 
sucrose  or  glycerol  gradient  sedimentation  [113,114;!  16],  In  addition,  the  integrity  of  the 
multiprotein  complex  is  maintained  after  treatment  with  salt,  detergents,  RNase,  DNase 
and  electrophoresis  through  native  polyacrylamide  gels  [113;115].  These  results  suggest 
that  the  association  of  the  protein  components  with  one  another  is  independent  of  non¬ 
specific  interactions  with  other  cellular  macromolecules.  The  proteins  and  enzymes  that 
copurify  with  the  DNA  synthesome  include:  DNA  polymerase  a-primase,  DNA 
polymerases  5  and  8,  PCNA,  RF-C,  RP-A,  DNA  helicases  I  and  IV,  DNA  ligase  I,  PARP 
and  DNA  topoisomerases  I  and  II. 

IV.  THE  DNA  SYNTHESOME:  A  MODEL  FOR  STUDYING  THE 
MECHANISMS  OF  ACTION  OF  ANTICANCER  AGENTS 

As  the  DNA  synthesome  is  a  replication-competent  multiprotein  complex,  it  may 
serve  as  a  novel  model  for  examining  the  mechanisms  of  action  of  anticancer  agents  that 
target  the  DNA  synthetic  process.  In  support  of  this  hypothesis,  we  have  previously 
reported  that  the  replication  activity  of  the  DNA  synthesome  purified  from  HeLa  cells  is  as 
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sensitive  to  camptothecin  poisoning  as  is  intact  HeLa  cell  DNA  sjmthesis  [119], 
Specifically,  we  found  that  DNA  synthesome-associated  topoisomerase  I  activity  as  well 
as  in  vitro  and  intact  HeLa  cell  DNA  replication  activities  are  each  inhibited  50%  by  0.05 
|jM  camptothecin,  and  increasing  concentrations  of  the  agent  causes  an  accumulation  of 
DNA  synthesome-associated  topoisomerase  I  cleavable  complexes  [119],  These  results 
are  consistent  with  the  premise  that  camptothecin  inhibits  deoxyribonucleic  acid  synthesis 
by  selectively  trapping  topoisomerase  I  in  a  ternary  cleavable  complex.  In  another  study 
from  our  laboratory,  we  reported  that  the  HeLa  cell  DNA  synthesome  can  utilize  1-p-D- 
arabinofixranosyl  cytosine  (ara-C)  as  a  substrate  for  in  vitro  DNA  synthetic  reactions 
[120].  During  s5mthesome-mediated  DNA  replication,  ara-C  is  incorporated  into 
intemucleotide  positions  in  nascent  and  full  length  SV40  daughter  DNA  molecules  [120]; 
a  result  consistent  with  findings  obtained  by  others  studying  the  effects  of  ara-C  on  intact 
cell  DNA  synthesis  [121-124]. 

Several  advantages  are  conferred  by  employing  the  DNA  s3mthesome  as  a  model 
for  examining  the  mechanisms  of  action  of  anticancer  agents,  as  compared  to  the  use  of 
conventional  systems.  For  example,  employment  of  the  DNA  synthesome  as  a  drug  model 
permits  the  study  of  the  interaction  of  an  anticancer  agent  with  the  entire  DNA  replication 
apparatus  and  not  just  individual  proteins  involved  in  DNA  synthesis.  Indeed,  studies 
performed  with  individual  DNA  replication  proteins  purified  from  human  or  animal  cells 
possess  numerous  limitations:  1)  not  all  of  the  proteins  and  enzymes  involved  in 
mammalian  cell  DNA  rephcation  have  been  identified,  so  the  target-protein  activity  of  a 
given  anticancer  agent  could  be  missing  from  the  current  panel  of  known  DNA  replication 
proteins  [125];  2)  the  interaction  of  an  anticancer  agent  with  its  protein  target  may  be 
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diiBFerent  when  the  protein  is  associated  with  other  cellular  components  as  opposed  to 
when  it  acts  alone  in  the  presence  of  drug  [125],  Additionally,  the  use  of  the  DNA 
synthesome  as  a  drug  model  allows  the  examination  of  the  mechanisms  of  action  of 
anticancer  agents  in  the  absence  of  any  enzymatic  processes  that  may  secondarily  affect 
DNA  synthesis.  This  is  a  problem  inherent  to  drug  studies  performed  in  systems  using 
crude  cell  extracts. 

Irinotecan  (CPT-11;  active  metabolite,  SN-38)  (Figure  2)  and  etoposide  (VP- 16) 
(Figure  3)  are  two  DNA  topoisomerase  inhibitors  that  have  demonstrated  efficacy  in  the 
treatment  of  several  t3T)es  of  cancer,  including  breast  cancer  [126-128].  SN-38  possesses  a 
unique  mechanism  of  action  in  that  it  traps  nuclear  topoisomerase  I  in  a  ternary  (drug- 
enzyme-DNA)  cleavable  complex  [91].  In  this  state,  topoisomerase  I  cannot  perform  its 
DNA  single  strand  nicking-resealing  function  required  for  the  relaxation  of  supercoiled 
DNA.  Similarly,  VP- 16  traps  topoisomerase  11  in  a  cleavable  complex  which  prevents  the 
enzyme  from  introducing  transient  double-strand  breaks  into  the  DNA  phosphodiester 
backbone,  an  action  required  for  the  segregation  of  newly  formed  daughter  DNA 
molecules  [85;91].  For  both  SN-38  and  VP-16,  cleavable  complex  formation  represents  an 
early  step  in  a  cascade  of  events  that  eventually  leads  to  cell  death  [85;91].  Currently,  the 
precise  molecular  mechanisms  by  which  drug-stabilized  cleavable  complex  formation  leads 
to  irreparable  DNA  damage  are  unresolved.  We  hypothesize  that  the  use  of  the  breast  cell 
DNA  synthesome  as  a  model  for  examining  the  mechanisms  of  action  of  SN-38  and  VP- 16 
will  help  elucidate  their  mechanisms  of  action  and  aid  the  development  of  improved 
analogues  of  these  agents  for  breast  cancer  therapy. 
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Figure  2.  Chemical  structure  of  irinotecan  (CPT-ll/SN-38). 
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Figure  3.  Chemical  structure  of  etoposide  (VP- 16). 
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V.  OBJECTIVES 

In  conclusion,  the  aggressive  progression  of  breast  cancer  is  characterized  by  a 
high  proliferation  phenotype  and  the  accumulation  of  an  extensive  level  of  DNA  damage 
within  tumor  cells  [8;12;29,30].  As  tumor  cell  kinetics  can  independently  predict 
metastatic  potential,  relapse-free  and  overall  patient  survival  [33;36],  understanding  the 
molecular  mechanisms  of  breast  cell  DNA  replication  is  critical  to  the  development  of 
improved  anti-breast  cancer  therapies.  Toward  this  end  of  better  understanding  the 
process  of  human  breast  cell  DNA  replication,  the  specific  aims  of  this  thesis  project 
included:  (1)  to  purify  and  characterize  the  DNA  synthesome  fi’om  human  breast  cancer 
(MDA  MB-468)  cells  as  well  as  from  biopsied  human  breast  tumor  tissue  and  xenografts 
from  nude  mice  injected  with  the  breast  cancer  cell  line  MCF-7;  and  (2)  to  determine  the 
protein-protein  interactions  between  several  of  the  core  components  of  the  breast  cell 
DNA  synthesome.  The  final  aim  of  this  thesis  project  was  (3)  to  demonstrate  that  the 
breast  cell  DNA  synthesome  represents  a  novel  model  for  examining  the  mechanisms  of 


action  of  SN-38  and  VP-16. 
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ABSTRACT 

In  this  report,  we  describe  for  the  first  time  the  isolation  and  purification  of  an 
organized  multiprotein  complex  for  DNA  replication  from  MDA  MB-468  human  breast 
cancer  cells.  This  complex,  which  we  designate  the  DNA  synthesome,  fully  supports  the 
in  vitro  replication  of  simian  virus  40  (SV40)  origin-containing  DNA  in  the  presence  of 
the  viral  large  T-antigen.  Since  the  SV40  virus  utilizes  the  host’s  cellular  proteins  for  its 
own  DNA  replication,  our  results  indicate  that  the  DNA  synthesome  may  play  a  role  not 
only  in  viral  DNA  synthesis  but  in  human  breast  cell  DNA  replication  as  well.  Our 
studies  demonstrate  that  the  following  DNA  replication  proteins  constitute  the  DNA 
synthesome:  DNA  polymerase  a,  DNA  primase,  DNA  polymerase  5,  proliferating  cell 
nuclear  antigen  (PCNA),  replication  protein  A  (RP-A),  replication  factor  C  (RF-C),  DNA 
topoisomerases  I,  E,  and  DNA  polymerase  s.  In  addition,  we  successfully  isolated  the 
DNA  synthesome  from  human  breast  tumor  tissue  as  well  as  from  xenografts  from  nude 
mice  injected  with  the  human  breast  cancer  cell  line  MCF-7.  The  DNA  synthesome 
purified  from  the  breast  cancer  tissues  fully  supports  SV40  DNA  replication  in  vitro. 
Furthermore,  our  results  obtained  from  a  novel  forward  mutagenesis  assay  suggest  that 
the  DNA  synthesome  isolated  from  a  non-malignant  breast  cell  line  mediates  SV40  DNA 
replication  by  an  error-resistant  mechanism.  In  contrast,  the  DNA  synthesome  derived 
from  malignant  breast  cells  and  tissue  exhibited  a  lower  fidelity  for  DNA  synthesis  in 
vitro.  Overall,  our  data  support  the  role  of  the  DNA  synthesome  as  mediating  breast  cell 
DNA  replication. 
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INTRODUCTION 

Breast  cancer  is  one  of  the  most  commonly  diagnosed  female  cancers  and  the 
second  leading  cause  of  cancer  death  among  women  [1],  Recently,  numerous  reports 
have  underscored  the  important  role  of  cell  proliferation  rate  as  a  prognostic  factor  for 
breast  carcinoma.  Studies  using  flow  cytometry  to  measure  the  DNA  content  of  breast 
tumor  cells  show  a  strong  association  between  a  high  S-phase  fraction  and  poor  prognosis 
for  relapse-free  survival  in  patients  with  lymph  node  negative  breast  cancer  [2]. 
Additionally,  mammary  cancer  cells  exhibit  extensive  DNA  damage  [3],  as  compared 
with  non-malignant  breast  cells.  The  increased  mutation  frequency  that  accompanies  the 
cellular  transformation  process  is  postulated  to  arise  from  molecular  alterations  of 
specific  DNA  replication  and/or  repair  proteins  [4].  Despite  the  knowledge  that  a  high 
proliferation  activity  and  increased  mutation  frequency  correlate  with  breast  cancer 
progression,  there  is  a  paucity  of  information  regarding  the  regulation  and  precise 
molecular  mechanisms  of  human  breast  cell  DNA  replication. 

To  date,  several  mammalian  enzymes  and  proteins  have  been  shown  to  be 
required  for  DNA  replication  in  vitro  [5-10].  In  particular,  the  proteins  necessary  to 
support  SV40  based  cell-free  DNA  synthesis  include:  DNA  polymerase  a,  DNA  primase, 
DNA  polymerase  6,  proliferating  cell  nuclear  antigen  (PCNA),  replication  protein  A  (RP- 
A),  replication  factor  C  (RF-C),  and  DNA  topoisomerases  I  and  11  [11].  As  mammalian 
cell  DNA  replication  represents  an  intricate  yet  highly  coordinated  and  efficient  process, 
it  follows  that  the  proteins  mediating  DNA  synthesis  may  be  organized  into  a 
multiprotein  complex.  In  support  of  this  hypothesis,  several  reports  have  described  the 
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isolation  of  large  macromolecular  complexes  of  replication  essential  proteins  from 
extracts  of  eukaryotic  cells  [9,1 1,12], 

Our  laboratory  was  the  first  to  isolate  and  characterize  a  multiprotein  DNA 
replication  complex  from  human  (HeLa)  cells  and  murine  (FM3A)  mammary  carcinoma 
cells  that  fully  supports  origin  specific  and  large  T-antigen  dependent  papovavirus  DNA 
replication  in  vitro  [13-15],  The  DNA  products  synthesized  by  the  human  cell 
multiprotein  complex  consist  of  monomeric  circular  form  I  and  II  DNAs  as  well  as 
topological  and  replicative  intermediates  [13],  Furthermore,  the  majority  (80-90%)  of 
these  products  are  resistant  to  Dpnl  digestion,  which  is  consistent  with  the  criteria  for 
semi-conservative  replication  of  full-length  DNA  [13, 15], The  multiprotein  complex  was 
observed  to  retain  its  ability  to  replicate  papovavirus  DNA  after  additional  purification  by 
anion-exchange  chromatography  and  sucrose  or  glycerol  gradient  sedimentation  [13-15], 
In  addition,  the  integrity  of  the  multiprotein  complex  was  maintained  after  its  treatment 
with  salt,  detergents,  RNase,  DNase  and  electrophoresis  through  native  polyacrylamide 
gels  [15,16],  These  results  suggest  that  the  association  of  the  proteins  with  one  another  is 
independent  of  non-specific  interactions  with  other  cellular  macromolecules. 

We  report  here,  for  the  first  time,  that  breast  cancer  cells  also  utilize  a 
multiprotein  complex  to  carry  out  cellular  DNA  synthesis,  and  we  now  designate  this 
complex  the  DNA  synthesome.  We  describe  the  isolation  and  purification  of  the  DNA 
synthesome  from  human  (MDA  MB-468)  breast  cancer  cells  and  most  importantly  from 
human  breast  tumor  cell  xenografts,  as  well  as  from  biopsied  human  breast  tumor  tissue. 
Furthermore,  we  discuss  the  results  of  a  novel  forward  mutagenesis  assay  which  establish 
that  the  DNA  synthesome  isolated  from  breast  cancer  cells  and  tissue  has  a  comparatively 
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lower  fidelity  for  DNA  replication  than  the  synthesome  isolated  from  a  normal  breast  cell 
line.  Ultimately,  we  anticipate  that  the  complete  characterization  of  this  DNA 
synthesome  will  lead  to  important  new  insights  into  understanding  the  molecular 
mechanisms  of  breast  cancer  cell  DNA  replication. 
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Materials  and  Methods 

Materials.  [a-^^P]dCTP  (3000  Ci/mmol;  370  MBq/ml;  10  mCi/ml)  and  [^H]thymidine 
(90  Ci/mmol;  37  MBq;  2.5  mCi/ml)  were  obtained  from  DuPont  New  England  Nuclear 
(Boston,  MA).  Camptothecin  was  purchased  from  TopoGen,  Inc.  (Columbus,  Ohio).  The 
drug  was  dissolved  in  dimethyl  sulfoxide  and  stored  in  aliquots  at  -20°C.  Purified 
topoisomerase  I  enzyme  (4  ng/ml)  and  a  topoisomerase  II  assay  kit  were  purchased  from 
TopoGen,  Inc.  (Columbus,  Ohio). 

Cell  Culture.  Suspension  cultures  of  MDA  MB-468  human  breast  cells  were  adapted 
from  monolayer  cultures.  The  cells  were  grown  in  Joklik’s  modified  Eagle’s  medium 
supplemented  with  5%  each  of  irradiated  new-born  calf  serum  and  FBS.  Exponentially 
growing  cells  (5x10^  cells/ml  medium)  were  harvested  and  washed  three  times  with  PBS: 
20  mM  Na2HP04,  0.15  mM  NaCl,  2.7  mM  KCl,  1.5  mM  KH2PO4.  The  cells  were  then 
pelleted  by  low-speed  centrifugation  (lOOOrpm,  5  minutes,  4”C),  and  the  cell  pellets 
stored  at  -80°C  until  fractionation.  Hs587Bst  cells  were  cultured  in  monolayer  in  DMEM 
supplemented  with  30  ng/ml  of  epidermal  growth  factor  and  10%  FBS.  Sub-confluent 
cells  were  harvested  and  washed  three  times  with  PBS.  The  cells  were  then  pelleted  by 
low-speed  centrifugation  (1000  rpm,  5  minutes,  4”C)  and  the  pellets  stored  at  -80°C  until 
fractionation.  MCF-7  cells  were  cultured  in  Eagle’s  minimum  essential  medium 
containing  5%  FBS  and  600  pg/ml  of  neomycin  sulfate,  as  described  in  Yue  et  al.  [17]. 
Subconfluent  MCF-7  cells  were  scraped  into  Hank’s  solution  and  centrifuged  at  1000 
rpm  for  2  minutes  at  4®C.  The  cells  were  then  prepared  for  inoculation  into  intact  nude 
mice  according  to  published  procedures  [17]. 
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Human  Breast  Tumor  Tissue.  A  biopsy  from  an  infiltrating  ductal  type  carcinoma  of 
the  female  mammary  gland  was  immediately  frozen  at  -80‘’C  after  resection.  To  examine 
the  tumor  tissue  for  the  presence  of  a  functional  DNA  synthesome,  the  breast  tumor 
tissue  was  thawed  and  subjected  to  the  purification  protocol  described  in  a  later  section  of 
these  Materials  and  Methods. 

Isolation  and  Purification  of  the  DNA  Synthesome  from  Breast  Cancer  Cells:  Cell 
Fractionation.  MDA  MB-468  (20  g)  and  Hs587Bst  (2  g)  cells  were  homogenized  and 
the  breast  cell  DNA  synthesome  was  purified  according  to  our  previously  published 
procedures  [13-15]  and  as  outlined  in  Figure  1.  Briefly,  the  respective  cell  pellet  was 
resuspended  in  2  volumes  of  buffer  (50  mM  Tiis-HCl  (pH  7.5),  0.25  M  sucrose,  5  mM 
MgCU,  0.1  mM  PMSF,  0.1  mM  AAN  (pH  7.5)  and  1  mM  DTT)  and  homogenized  using 
a  loose-fitting  Bounce  homogenizer.  The  homogenate  was  then  fractionated  into  a 
nuclear  pellet  and  cytosolic  extract.  The  nuclei  were  extracted  with  a  low  salt  buffer  (0, 15 
M  KCl)  while  the  cytosolic  fraction  was  used  to  prepare  a  post-microsomal  supernatant 
(S-3).  The  nuclear  extract  and  the  post-microsomal  supernatant  were  combined  and 
adjusted  to  2M  KCl  and  5%  (w/v)  polyethylene  glycol.  The  mixture  was  rocked  for  1  h 
at  4"C,  then  centrifijged  at  16,000  rpm  for  15  minutes  (4“C).  The  resulting  supernatant 
was  then  dialyzed  against  buffer  A  [13]  containing  0.25  M  sucrose.  The  dialyzed  fraction 
was  clarified  by  centrifugation  at  16,000  rpm  for  15  minutes  and  the  supernatant  solution 
was  layered  onto  a  1  ml  2  M  sucrose  cushion  containing  buffer  A.  After  centrifugation  at 
40,000  rpm  for  16  h  (4®C),  the  supernatant  S-4  and  sucrose  interface  P-4  fractions  were 
collected  and  dialyzed  against  buffer  B  [13].  The  fractions  were  then  immediately  tested 
for  DNA  polymerase  a  and  in  vitro  SV40  DNA  replication  activities. 
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Column  Chromatography.  Five  milliliters  of  the  dialyzed  MDA  MB-468  P-4  fraction 
were  loaded  onto  a  1  ml  Q-Sepharose  (Pharmacia,  Piscataway,  NJ)  column  (1  cm^  bed 
volume/25  mg  protein)  pre-equilibrated  with  buffer  B.  The  protein  not  binding  to  the 
matrix  was  collected  and  designated  the  column  flow-through.  After  washing  the  matrix 
with  8  column  volumes  of  buffer  B,  the  column  was  eluted  with  10  volumes  of  a  linear 
50-500  mM  gradient  of  KCl.  Fractions  of  0.4  ml  were  collected  and  assayed  for  protein 
and  enzymatic  activity.  Fractions  containing  the  peak  of  DNA  polymerase  a  and  in  vitro 
SV40  DNA  replication  activities  were  pooled,  dialyzed  against  TDEG  buffer  [13]  and 
stored  at  -80°C. 

Velocity  Sedimentation  Analysis  of  the  DNA  Synthesome  Isolated  from  MDA  MB- 
468  Breast  Cancer  Cells.  Six  hundred  microliters  (600  pg  of  protein)  of  the  DNA 
synthesome  present  in  the  Q-Sepharose  peak  fraction  was  layered  over  a  10  ml  10-30% 
sucrose  gradient  containing  0.5  M  KCl.  Velocity  sedimentation  analysis  was  performed 
as  described  in  a  previously  published  report  from  this  laboratory  [15].  The  sedimentation 
analysis  of  marker  proteins  (horse  spleen  apoferritin  (17S)  and  yeast  alcohol 
dehydrogenase  (7S))  was  performed  on  parallel  gradients  to  verify  that  the  gradient  was 
isokinetic. 

Micro-isolation  and  Purification  of  the  DNA  Synthesome  from  Breast  Tumor 
Tissue;  Cell  Fractionation.  The  DNA  synthesome  was  purified  from  breast  cancer  tissue 
according  to  a  modified  version  of  the  isolation  scheme  depicted  in  Figure  1  and  as 
described  in  a  previous  section  of  these  methods.  All  steps  of  the  fractionation  process 
were  altered  to  facilitate  the  purification  of  the  DNA  synthesome  from  small  quantities  of 
breast  tumor  tissue.  The  human  breast  tumor  (8.55  g)  was  dissected  and  finely  chopped 
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with  a  tissue  chopper  at  4°C.  The  minced  breast  tissue  was  then  suspended  in  1  volume  of 
buffer  (50  mM  Tris-HCl  (pH  7.5),  0.25  M  sucrose,  5  mM  MgClj,  0.1  mM  PMSF,  0.1 
mM  AAN  (pH  7.5)  and  1  mM  DTT)  and  homogenized  using  a  1  ml  Bounce 
homogenizer.  The  homogenate  was  centrifuged  at  2,000  rpm  for  10  minutes  (4°C),  and 
the  crude  nuclear  pellet  (NP)  and  cytosolic  fraction  (S-1)  were  collected  separately.  The 
nuclear  pellet  was  resuspended  in  1  volume  of  nuclei  extraction  buffer  [13]  containing 
0.15  M  KCl.  After  rocking  the  nuclear  pellet  for  2  h  at  4”C,  the  extracted  nuclei  were 
centrifuged  at  22,300  rpm  for  2.1  minutes  (4”C)  using  a  TLA  100.3  rotor  and  the 
supernatant  (NE)  retained.  To  remove  mitochondria  and  microsomes,  the  S-1  fraction 
was  subjected  to  differential  centrifugation  using  a  TLA  100.3  rotor;  17,800  rpm,  3.2 
minutes  and  59,700  rpm,  22.2  minutes,  respectively.  The  final  post-microsomal 
supernatant  (S-3)  was  collected.  The  NE  was  combined  with  the  S-3  fraction;  4.5  ml  of 
the  NE/S-3  fraction  was  then  layered  over  a  0.5  ml  2  M  sucrose  cushion.  After 
centrifugation  at  40,000  rpm  for  16h  (4‘’C)  using  a  Beckman  (Columbia,  MB)  SW55.Ti 
swinging  bucket  rotor,  the  S-4  and  P-4  fractions  were  collected,  dialyzed  against  a  low- 
salt  TBEG  buffer,  and  assayed  for  their  respective  enzymatic  activities.  These  same  steps 
were  followed  to  purify  the  BNA  synthesome  from  the  xenografts  grown  in  nude  mice. 
Column  Chromatography.  Seven  hundred  microliters  of  the  dialyzed  human  breast 
tumor  P-4  fraction  (3.3  mg  protein)  were  loaded  onto  a  0.15  ml  BE52  cellulose  column, 
pre-equilibrated  in  TBEG  buffer  containing  5  mM  KCl.  The  protein  not  binding  to  the 
matrix  was  collected,  and  designated  the  column  flow-through.  The  column  was  washed 
with  8  column  volumes  of  pre-equilibration  buffer.  Matrix-bound  protein  was  then  eluted 
with  8  column  volumes  of  TBEG  buffer  containing  IM  KCl.  Fractions  of  approximately 
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0.1  ml  were  collected,  dialyzed  against  TDEG  bufifer,  and  assayed  for  their  DNA 
polymerase  a  and  in  vitro  DNA  replication  activities. 

Puriflcation  of  SV40  Large  T-antigen.  SV40  large  T-antigen  was  purified  from  293 
cells  infected  with  a  recombinant  adenovirus  vector,  Ad-SVR284,  as  detailed  elsewhere 
[18]. 

In  vitro  SV40  DNA  Replication  Assay.  Assay  reaction  mixtures  (12.5  pi)  contained  80 
mM  Tris-HCl  (pH  7.5);  7  mM  MgCl2;  1  mM  DTT;  3-20  pg  protein  fraction;  0.5-1. 0  pg 
purified  SV40  large  T-antigen;  25  ng  plasmid  pSVO^  [19]  containing  and  insert  of  SV40 
replication-origin  DNA  sequences;  100  pM  each  dTTP,  dATP,  dGTP;  200  pM  each 
rCTP,  rGTP,  UTP;  4  mM  ATP;  25  pM  [a-^^P]dCTP;  40  mM  creatine  phosphate;  Ipg 
creatine  kinase.  Each  reaction  was  incubated  for  2h  at  35°C.  The  replication  assay 
reaction  products  were  processed  using  DE81  (Whatman)  filter  binding  to  quantitate  the 
amount  of  radiolabel  incorporated  into  the  replication  products  [20].  One  unit  of  SV40 
replication  activity  is  equivalent  to  the  incorporation  of  1  pmol  dCMP  into  SV40  origin- 
containing  plasmid  DNA  per  2h  under  these  described  assay  conditions. 

Enzyme  Assays.  DNA  polymerase  a  activity  with  activated  calf  thymus  DNA  templates 
was  assayed  according  to  published  procedures  [21,22].  One  unit  of  DNA  polymerase  a 
activity  is  equivalent  to  Inmol  of  total  [^H]TMP  incorporated  into  DNA  per  hour  at  35‘’C. 
The  assay  for  DNA  topoisomerase  I  activity  is  a  modification  of  published  methods  [19] 
and  is  described  in  detail  by  Hickey  et  al.  [23].  DNA  topoisomerase  BE  activity  was 
measured  using  an  assay  kit  purchased  from  TopoGen,  Inc. 
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Immunodetection  of  DNA  Polymerases  5,  s,  RP-A,  RF-C,  PCNA  and  DNA  Primase. 
Denaturing  polyacrylamide  gel  electrophoresis  of  the  various  protein  fractions  was 
performed  as  previously  described  [24],  The  resolved  polypeptides  were  transferred  (20 
volts,  16h,  4°C)  to  nitrocellulose  membranes,  and  immunodetection  of  the  respective 
DNA  replication  proteins  was  performed  using  a  light-enhanced  chemiluminescence 
system  (Amersham).  A  monoclonal  antibody  prepared  against  the  C-terminal  portion  of 
DNA  polymerase  6  was  used  at  a  1:100  dilution  to  probe  membranes  for  the  125  kDa 
polymerase  6  polypeptide.  The  anti-polymerase  8  antibody  which  recognizes  the  140-  and 
>200  kDa  forms  of  polymerase  8,  was  used  at  a  1:1000  dilution.  Both  the  anti-RF-C 
monoclonal  antibody  (mAb-11),  which  recognizes  the  140  kDa  subunit  of  the  RF-C 
protein-complex,  and  the  anti-RP-A  antibody  (p34-20),  which  recognizes  the  34  kDa 
subunit  of  RP-A,  were  generous  gifts  from  Dr.  Bruce  Stillman  (Cold  Spring  Harbor 
Laboratory,  Cold  Spring  Harbor,  NY).  Both  antibodies  were  used  at  a  1:500  dilution.  The 
anti-DNA  primase  antibody,  a  gift  from  Dr.  William  Copeland  (National  Institute  of 
Environmental  Health  Sciences,  Research  Triangle  Park,  NC),  was  used  at  a  1:500 
dilution.  The  anti-PCNA  antibody  was  used  at  a  dilution  of  1:1000.  The  appropriate 
species-specific  horseradish  peroxidase  conjugated  secondary  antibodies  were  used  in  the 
immunoblots  at  a  dilution  of  1:5000. 

Forward  Mutagenesis  Assay:  Transfection  and  Plating.  Two  hundred  nanograms  of 
pBK-CMV  plasmid  DNA  (Stratagene,  LaJolla,  CA),  encoding  the  lac-Za  gene,  was 
incubated  with  35-45  pg  of  protein  fraction  per  in  vitro  DNA  replication  assay.  The 
replicated  pBK-CMV  DNA  was  then  Dpn\  digested,  precipitated  as  described  [20]  and 
used  in  the  transfection  of  Escherichia  coli  strain  XLl-Blue  MRF’(Stratagene): 
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[(mcrA)  183, 5(mcr(B-hsdSMR-iraT)  173,  endAl,  supE44,  thi_l,  recAl,  gyrA96,  relAl, 
lac[F’proAB,  lacl“Z(ml5,  TnlO(tet*^)].  Forty  microliters  ofbacterial  stocks  maintained  in 
Luria  broth,  containing  10%  glycerol,  were  mixed  with  300  pg  of  the  pBK-CMV  DNA 
replicated  in  vitro,  and  this  mixture  was  incubated  for  10  minutes  on  ice;  subsequently, 
the  DNA  was  electroporated  into  the  cells  under  the  following  conditions:  1.4  kV,  25  pF, 
200  ohms.  Immediately  following  electroporation,  960  pi  chilled,  sterile  SOC  buffer  (20 
mM  glucose  in  Luria  broth  medium)  was  added  to  the  reaction  cuvette.  The 
electroporated  mixture  was  then  incubated  in  a  rotary  shaker  (250  rpm)  at  35°C  for  Ih. 
An  aliquot  of  the  incubated  culture,  sufficient  to  yield  100-600  bacterial  colonies  per 
plate,  was  spread  on  top  of  20  ml  solidified  Luria  broth  agar  containing  0.5  mg/ml 
kanamycin,  25  mg/ml  IPTG  and  25  mg/ml  X-gal.  (These  plating  conditions  yield  an 
intense  blue  colored  bacterial  colony  when  the  bacteria  express  the  unmutated  plasmid 
and  a  light  blue  to  white  colored  bacterial  colony  when  the  bacteria  contain  plasmids 
harboring  mutations  in  the  /ac-Z«  gene.)  As  a  negative  control  for  the  forward 
mutagenesis  assay,  2x10^  bacterial  cells  were  transfected  with  200  ng  of  unreplicated, 
Dpn\  digested  pBK-CMV  DNA;  virtually  no  antibiotic-resistant  colonies  were  produced 
under  these  conditions  (data  not  shown).  Also,  the  background  mutation  frequency  for 
this  assay  was  determined  by  transfecting  10^  bacterial  cells  with  200  ng  of  unreplicated 
pBK-CMV  DNA.  Only  one  mutant  colony  per  10^  wild-type  colonies  was  produced 
under  these  conditions  (data  not  shown). 

Scoring  of  Mutant  Phenotypes.  Mutant  phenotypes,  resulting  from  the  inactivation  of 
the  lac-Za  gene  in  the  pBK-CMV  plasmid,  were  scored  after  approximately  12-15  hours 
of  incubation  at  35‘’C  by  a  modification  of  a  procedure  described  by  the  laboratoiy  of 
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Kunkel  [25],  To  score  the  variable  color  intensities  of  the  mutant  phenotypes 
reproducibly,  a  scale  of  blue  color  intensities  has  been  established  [25].  Unmutated  pBK- 
CMV  DNA  generates  a  dark  blue  color  which,  on  a  scale  of  0-4,  is  assigned  a  value  of  4. 
The  variable  mutant  phenotypes  are  distinguished  as  O‘^(white/colorless),  l^(faint  blue), 
2^(medium  blue)  and  3^(almost  wild-type).  To  eliminate  false  positives  resulting  from 
plating  artifacts,  mutant  colonies  were  picked  from  the  plates,  diluted  in  50  mM  sodium 
borate  buffer  (pH  9.0)  and  mixed  with  an  equal  dilution  of  bacteria  containing 
unreplicated  pBK-CMV  plasmid.  Plating  of  this  mixture  on  the  agar  plates  containing  the 
color  substrate  X-gal  (see  above)  enhances  the  contrast  between  the  Avild-type  and  mutant 
phenotypes  as  well  as  permits  the  scoring  of  subtle  phenotypic  differences  arising  from 
small  variations  in  the  position  and  number  of  point  mutations  within  the  lac-Za  gene. 
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RESULTS 

Human  Breast  Cancer  Cell  DNA  Replication  Proteins  Co-fractionate  as  a  Readily 
Sedimentable  Form. 

To  determine  whether  a  sedimentable  complex  of  DNA  replication  proteins  could 
be  isolated  from  human  breast  cancer  cells,  as  previously  demonstrated  for  HeLa  [13,14] 
and  FM3A  cells  [15],  we  subjected  MDA  MB-468  cells  to  the  fractionation  scheme 
outlined  in  Figure  1.  The  PEG  lSIE/S-3,  S-4  and  P-4  fractions  were  collected  and  assayed 
for  DNA  polymerase  a  activity.  The  majority  of  the  enzyme’s  activity  partitioned  with 
the  sedimentable  P-4  fraction  following  polyethylene  glycol  precipitation  and 
discontinuous  gradient  centrifugation  of  the  NE/S-3  fraction  (Table  1).  This  result  is 
consistent  with  our  earlier  work  on  the  purification  of  the  DNA  synthesome  from  HeLa 
and  FM3A  cells  [13-15],  in  which  the  DNA  polymerase  a  activity  contained  in  the  DNA 
synthesome  partitioned  to  the  P-4  fraction  at  the  sucrose  interface. 

In  addition  to  determining  DNA  polymerase  a  activity,  we  assayed  the  PEG 
NE/S-3,  S-4  and  P-4  fractions  for  in  vitro  SV40  DNA  replication  activity  (Materials  and 
Methods).  DE81  filter  binding  analysis  was  used  to  quantitate  the  level  of  [a-^^P]dCMP 
incorporation  into  SV40  DNA  replication  products.  Following  subfractionation  of  the 
PEG  NE/S-3  fraction  into  the  S-4  and  P-4  fractions,  the  ability  to  support  SV40  DNA 
replication  in  vitro  partitioned  exclusively  with  the  sedimentable  P-4  fraction  (Table  1). 
This  pattern  of  partitioning  of  DNA  replication  activity  is  also  consistent  with  our  earlier 
work  on  the  purification  of  the  synthesome  from  HeLa  and  FM3A  cells  [13-15].  Only 
negligible  amounts  of  radiolabel  were  incorporated  into  DNA  replication  products  when 
reactions  lacked  SV40  large  T-antigen.  These  data  indicate  that  all  of  the  activities 
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Figure  1.  Flow  diagram  of  the  isolation  scheme  used  to  purify  the  DNA  synthesome 
from  MDA  MB-468  human  breast  cancer  cells.  A  detailed  description  of  the  isolation 
scheme  is  presented  in  the  Materials  and  Methods. 
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Table  1.  DNA  polymerase  a  and  in  vitro  DNA  replication  activities  of  the  DNA 
synthesome  from  MDA  MB  468  human  breast  cancer  cells. 


FRACTION 

PEGNE/S-3 

S-4 

P-4 

QSPeak 

FT 

SG 

DNA  polymerase  a* 

132.5 

0.3 

188.3 

N.D.^ 

1.01 

N.D.^ 

103.8 

8.8 

110.6 

136.6 

3.4 

141.2 

1  DNA  replication  (-T)*’ 

3.1 

0.2 

8.5 

1.8 

10.2 

^DNA  polymerase  a  activity  with  activated  calf  thymus  DNA  templates  was  assayed  according  to 
published  procedures.  One  unit  of  DNA  polymerase  activity  is  equivalent  to  IxlO'^^  mol  of  ^[HJ-TMP 

incorporated  into  DNA  per  hour  at  35®C.  These  values  represent  the  average  of  three  independent 
experiments. 

vitro  SV40  DNA  replication  assays  were  performed  as  described  previously.  One  imit  of  replication 

activity  equals  the  incorporation  of  1  pmol  of  ^^[P]-dCMP  into  SV40  origin  containing  DNA.  These  values 
represent  the  average  of  three  independent  experiments. 

‘Not  determined. 
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required  to  execute  large  T-antigen  dependent  SV40  DNA  replication  reside  in  the  human 
breast  cancer  cell  sedimentable  P-4  fraction. 

Further  Purification  of  the  Human  Breast  Cancer  Cell  DNA  Synthesome. 

We  further  purified  the  breast  cancer  cell  DNA  synthesome  from  the 
sedimentable  P-4  fraction  by  Q-Sepharose  anion-exchange  chromatography,  a  method 
successfully  employed  for  the  purification  of  the  DNA  synthesome  from  HeLa  cells 
[13,14],  The  P-4  fraction  was  applied  to  a  1-ml  Q-Sepharose  column  and  the  DNA 
synthesome  eluted  by  a  linear  gradient  of  KCl  (50-500  mM).  Figure  2  shows  the  profile 
of  DNA  polymerase  a  activity  as  it  eluted  from  the  Q-Sepharose  column.  The  DNA 
polymerase  a  activity  eluted  from  the  column  as  an  initial  sharp  peak  at  lower  salt 
concentrations  (fractions  6-10),  with  an  additional  small  peak  of  activity  at  higher  salt 
concentrations  (fractions  21-23).  Negligible  amounts  of  enzyme  activity  were  found  in 
the  column  flow-through  and  wash  fractions  (data  not  shown). 

The  peak  of  DNA  polymerase  a  activity  that  eluted  from  the  Q-Sepharose  column 
(fractions  6-10)  was  designated  the  Q-Sepharose  peak.  Both  the  peak  and  the  column 
flow-through  fractions  were  assayed  for  in  vitro  SV40  DNA  replication  activity.  The  Q- 
Sepharose  peak  contained  over  80%  of  the  large  T-antigen  dependent  in  vitro  DNA 
replication  activity;  the  column  flow-through  fraction  supported  significantly  less  DNA 
synthesis  (Table  1). 

Velocity  Sedimentation  Analysis  of  the  Breast  Cancer  Cell  DNA  Synthesome. 

We  determined  the  sedimentation  coefficient  of  the  breast  cancer  cell  DNA 
synthesome  by  subjecting  the  Q-Sepharose  peak  fraction  to  velocity  sedimentation 
analysis  in  a  10-30%  sucrose  gradient  containing  0.5M  KCl  [15].  The  sucrose  gradient 
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Figure  2.  Q-Sepharose  chromatographic  profile  of  DNA  polymerase  a  activity  in  the  MDA  MB-468 
derived  P-4  fiaction.  A  description  of  the  column  preparation  and  elution  conditions  are  provided  in  the  text 


and  Materials  and  Methods. 
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fractions  were  collected  and  assayed  for  DNA  polymerase  a  and  in  vitro  SV40  DNA 
replication  activities.  Both  activities  co-sedimented  in  the  sucrose  gradient  with  a 
sedimentation  coefficient  of  18S  (Figure  3;  Table  1).  This  18S  sedimentation  coefficient 
for  the  breast  cell  DNA  synthesome  corresponds  to  the  S-value  obtained  for  the  HeLa  cell 
DNA  synthesome.  Presumably,  the  18S  value  of  the  human  breast  cancer  cell  DNA 
synthesome  accounts  for  its  ready  sedimentation  to  the  sucrose  interface  following  the 
centrifugation  of  the  PEGNE/S-3  fraction  (Figure  1). 

The  DNA  Replication  Proteins  that  Copurify  with  the  Breast  Cancer  Cell  DNA 
Synthesome. 

We  performed  Western  blot  analyses  and  enzyme  assays  to  identify  the  DNA 
replication  proteins  that  copurify  with  the  breast  cancer  cell  DNA  synthesome  during  its 
various  stages  of  purification.  As  numerous  studies  have  shown  that  DNA  polymerase  6 
plays  an  integral  role  in  the  in  vitro  synthesis  of  SV40  origin  containing  DNA  [8,26,27], 
we  probed  the  PEG  NE/S-3,  P-4,  S-4,  Q-Sepharose  peak,  Q-Sepharose  flow-through  and 
sucrose  gradient  peak  fractions  for  the  presence  of  the  protein.  Utilizing  a  monoclonal 
antibody  prepared  against  the  C-terminal  peptide  of  DNA  polymerase  6  [28],  we  found 
that  the  protein  exclusively  co-purified  with  the  replication-competent  P-4,  Q-Sepharose 
peak  and  sucrose  gradient  peak  fractions  (Figure  4).  The  enzyme  was  not  detectable  in 
the  replication-deficient  S-4  and  Q-Sepharose  flow-through  fractions. 

In  addition  to  DNA  polymerase  5,  we  examined  the  human  breast  cancer  cell  fractions 
for  the  presence  of  RF-C  [27,29]  and  DNA  primase  [27].  Immunoblot  analyses,  using 
antibodies  that  recognize  either  the  140  kDa  subunit  of  the  RF-C  protein  complex 
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Figure  3,  Velocity  sedimentation  ailalysis  of  the  DNA  synthesome  present  in  the  MDA  MB-468  Q- 
Sepharose  peak  fraction.  Eight  hundred  microliters  of  the  Q-Sepharose  peak  fraction  was  layered  onto  a  9 
ml  10*30%  sucrose  gradient  containing  0.5  M  KCL  Centrifugation  was  performed  as  described  in  the 
Materials  and  Methods.  The  assay  for  DNA  polymerase  a  activity  was  performed  according  to  published 
procedures  [21,22];  one  unit  of  activity  denotes  1  nmol  TMP  incorporated  into  DNA  per  hour  at  35°C. 
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a.  NE/S-3  S-4  FT  QS  SG 


b.  NE/S-3  S-4  P.4  FT  QS  SG 


C.  NE/S-3  S-4  P-4  FT  QS  SG 
140K  “  - - 
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Figure  4.  Western  blot  analysis  of  the  MDA  MB-468  breast  cancer  cell  derived  fractions.  Thirty 
micrograms  of  each  iffotein  fraction  (PEG  NE/S-3,  P-4,  S-4,  Q-Sepharose  peak  (QS),  Q-Sepharose  flow¬ 
through  (FT)  and  sucrose  gradient  peak  (SG))  was  resolved  on  8%  polyacrylamide  gels,  then  transferred  to 
nitrocellulose  membrane  filters.  The  membranes  were  incubated  with  primary  antibodies  against  (a)  DNA 
polymerase  5,  (b)  RP-A,  (c)  RF-C,  (d)  PCNA  and  (e)  DNA  primase.  Following  incubation  with  the 
appropriate  species-specific  secondary  antibody  conjugated  to  horseradish  peroxidase,  the  immobilized 
proteins  were  detected  using  a  light-enhanced  chemiluminescence  system  (Amersham). 
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or  the  58  kDa  subunit  of  DNA  primase,  revealed  that  RF-C  and  DNA  primase  resided 
only  in  the  replication-competent  protein  fractions  (Figure  4). 

Western  blot  analysis  also  shows  that  the  DNA  replication  protein  PCNA  was 
present  in  the  replication-competent  breast  cancer  cell  fractions,  as  well  as  the  S-4  and  Q- 
Sepharose  flow-through  fractions  (Figure  4).  This  result  suggests  that  PCNA  may  not  be 
as  tightly  associated  with  the  DNA  synthesome  as  compared  to  DNA  polymerases 
a,  6,  RF-C  and  DNA  primase.  Furthermore,  immunodetection  of  RP-A  [30,31]  with  a 
monoclonal  antibody  to  the  70  kDa  subunit  of  the  protein,  reveals  that  the  polypeptide 
fractionated  with  both  the  replication-competent  and  -deficient  fractions  (Figure  4). 
These  results  suggest  that  only  a  fraction  of  the  cellular  pools  of  PCNA  and  RP-A 
copurify  with  the  breast  cancer  cell  DNA  synthesome. 

Furthermore,  we  determined  whether  the  breast  cancer  cell  DNA  synthesome 
possesses  DNA  topoisomerase  I  activity  by  assaying  several  breast  cancer  fractions  for 
the  respective  enzymatic  activity  (Materials  and  Methods).  In  Figure  5,  lanes  1-3  show 
the  conversion  of  supercoiled  form  I  DNA  to  relaxed,  open  circular  form  II  DNA  by  the 
topoisomerase  I  activity  present  in  the  Q-Sepharose  peak,  Q-Sepharose  flow-through  and 
sucrose  gradient  peak  fractions.  Importantly,  the  relaxation  of  supercoiled  plasmid  DNA 
by  the  Q-Sepharose  peak  fraction  was  inhibited  by  200  pM  camptothecin  (Figure  5,  lane 
4),  a  specific  inhibitor  of  DNA  topoisomerase  I  [32].  This  indicates  that  the  conversion  of 
supercoiled  plasmid  DNA  to  form  II  DNA  was  mediated  specifically  by  topoisomerase  I. 

As  with  PCNA,  RP-A  and  DNA  topoisomerase  I,  only  a  fraction  of  the  total 
cellular  pool  of  DNA  topoisomerase  11  co-purifies  with  the  breast  cancer  cell  DNA 
synthesome.  We  assayed  the  Q-Sepharose  peak,  Q-Sepharose  flow-through  and  sucrose 
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Figure  5.  DNA  topoisomerase  I  activity  in  the  Q-Sepharose  peak,  Q-Sepharose  flow-through  and  sucrose 
gradient  peak  fractions.  Reaction  assays  containing  8  ng  of  the  Q-Sepharose  peak  (QS),  8  pg  of  the  Q- 
Sepharose  flow-through  (FT)  or  20  pg  of  the  sucrose  gradient  peak  (SG)  were  incubated  for  30  minutes  at 
STC  widi  0.3  pg  of  pSVO^  plasmid  DNA.  Reactions  were  stopped  by  the  addition  of  1%  SDS  and 
topoisomers  were  resolved  on  a  1%  agarose  gel.  After  ethidiiun  bromide  (0.5  pg/ml)  staining  of  gels, 
topoisomers  were  visualized  with  an  ultraviolet  light  source.  Lanes  1-3  show  the  conversion  of  supercoiled, 
form  I  DNA  to  relaxed,  open  circle  form  II  DNA  by  the  topoisomerase  I  activity  present  in  the  SG,  FT  and 
QS  fractions,  respectively.  Lane  4  shows  the  inhibition  of  QS  topoisomerase  I  activity  by  200  pM  of 
camptothecin  [32].  Lane  5  shows  the  position  of  supercoiled  plasmid  pSYOi*". 
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gradient  peak  fractions  for  DNA  topoisomerase  II  activity.  The  decatenation  of 
interlocked  aggregates  of  Crithidia  fasisculata  kinetoplast  DNA  to  monomeric,  open 
circular  DNA  by  the  topoisomerase  n  enzyme  present  in  all  three  fractions  is  shown  in 
Figure  6  (lanes  2-4).  In  addition,  we  determined  that  the  Q-Sepharose  peak,  flow-through 
and  sucrose  gradient  peak  fractions  were  devoid  of  nuclease  contamination  because  they 
did  not  support  the  relaxation  of  kinetoplast  DNA  to  the  linear  DNA  fragments  (Figure 
6).  Moreover,  as  DNA  topoisomerase  n  requires  ATP  for  catalytic  activity,  incubation  of 
the  Q-Sepharose  peak  with  a  reaction  buffer  lacking  ATP  did  not  support  the  relaxation 
of  kinetoplast  DNA  (Figure  6,  lane  1). 

Isolation  of  the  DNA  synthesome  from  Breast  Tumor  Tissue. 

To  verify  that  the  DNA  synthesome  could  be  isolated  from  breast  cancer  tissue  as 
well  as  from  breast  cancer  cells,  we  subjected  biopsied  human  breast  tumor  tissue  to  a 
modified  version  of  the  purification  scheme  depicted  in  Figure  1  (Materials  and 
Methods).  The  alterations  to  the  purification  protocol  were  made  to  facilitate  the  isolation 
of  the  DNA  synthesome  from  small  quantities  of  breast  tumor  tissue.  We  collected  and 
assayed  the  NE/S-3,  P-4  and  S-4  fractions  for  DNA  polymerase  a  and  large  T-antigen 
dependent  SV40  DNA  replication  activities.  Table  2A  shows  that  the  majority  of  both 
activities  partitioned  exclusively  with  the  sedimentable  P-4  fraction  after  discontinuous 
gradient  centrifugation  of  the  NE/S-3  fraction. 

We  further  purified  the  DNA  synthesome  that  was  isolated  from  the  human  breast 
tumor  tissue  using  anion  exchange  chromatography  (Materials  and  Methods).  We 
collected  and  assayed  the  column  fractions  for  both  DNA  polymerase  a  and  in  vitro 
SV40  DNA  replication  activities.  A  peak  of  DNA  polymerase  a  activity  (fractions  2,3) 
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Figure  6.  DNA  topoisomerase  II  activity  in  the  Q-Sepharose  peak,  Q-Sepharose  flow-throng  and 
sucrose  gradient  peak  fractions.  Decatenation  reactions  were  performed  in  topoisomerase  II  buffer 
(TopoGen)  with  0.15  pg  kinetoplast  DNA  (KDNA)  and  lOpg  of  the  respective  protein  flaction.  Lane  1 
shows  the  position  of  KDNA  networks  after  incubation  with  Q-Sepharose  peak  (QS)  in  a  buffer  lacking 
ATP.  Lanes  2-4  show  the  relaxation  of  KDNA  to  nicked,  open  circular  DNA  by  the  topoisomerase  11 
activity  present  in  the  QS,  flow-through  (FT)  and  sucrose  gradient  peak  (SG)  fractions.  Lane  5  shows  the 
positions  of  the  decatenated  KDNA  markers:  nicked,  open  circular  (top),  linear  (bottom).  All  reactions 
were  stopped  by  the  addition  of  a  stop  buffer  containing  1%  SDS.  Reactions  were  loaded  directly  onto  a 
1%  agarose  gel  containing  0.5  pg/ml  ethidium  bromide.  After  electrophoresis,  DNA  products  were 
visualized  with  an  ultraviolet  light  source. 
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Table  2A.  DNA  polymerase  a  and  in  vitro  DNA  replication  activities  of  the  DNA 
synthesome  from  human  breast  tumor  tissue. 


FRACTION 

NE/S-3 

S-4 

P-4 

DNA 

polymerase  a® 

27.8 

1.7 

37.5 

DNA 

Replication  +T*’ 

29.5 

1.8 

122.9 

DNA 

Replication  -T** 

5.74 

0.5 

12.1 

^DNA  polymerase  a  activity  with  activated  calf  thymus  DNA  templates  was  assayed  according  to 
published  procedures.  One  imit  of  DNA  polymerase  activity  is  equivalent  to  1x10"^®  mol  of  ^[HJ-TMP 

incorporated  into  DNA  per  horn:  at  35®C.  These  values  represent  the  average  of  two  independent 
experiments. 

*>/«  vitro  SV40  DNA  replication  assays  were  performed  as  described  previously.  One  unit  of  replication 

activity  equals  the  incorporation  of  1  pmol  of  ^^[P]-dCMP  into  SV40  origin-containing  DNA  These  values 
represent  the  average  of  two  independent  experiments. 


Table  2B.  DNA  polymerase  a  activity  of  the  column  purifled  DNA  synthesome  from 
human  breast  tumor  tissue. 


Fraction 

Column  Peak 

Flow-through 

DNApola“ 

77.3 

1.3 

^DNA  polymerase  a  activity  with  activated  calf  thymus  DNA  templates  was  assayed  according  to 
published  procedures.  One  unit  of  DNA  polymerase  activity  is  equivalent  to  1x10“^^  mol  of  ^[H]-TMP 

incorporated  into  DNA  per  hour  at  35®C.  These  values  represent  the  average  of  two  independent 
experiments. 
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was  found  to  elute  from  the  column  in  the  presence  of  IM  KCl  (Table  2B).  In  contrast, 
only  a  minor  amount  of  DNA  polymerase  a  activity  was  found  in  the  column  flow¬ 
through  fraction  (Table  2B).  We  also  tested  the  fractions  containing  the  peak  polymerase 
a  activity  (fractions  2,3)  as  well  as  the  column  flow-through  for  in  vitro  SV40  DNA 
replication  activity.  Only  fractions  2  and  3  supported  SV40  DNA  replication;  the  column 
flow-through  did  not  contain  DNA  replication  activity  (data  not  shown). 

We  also  fractionated  breast  cancer  tissue-derived  from  a  xenograft  nude  mouse 
model  [17].  MCF-7  human  breast  cancer  cells  inoculated  into  nude  mice  develop  into 
mammary  tumors.  The  tumors  were  removed  and  homogenized.  By  using  the  modified 
purification  protocol,  it  was  found  that  most  of  the  DNA  polymerase  a  and  DNA 
replication  activities  resided  with  the  sedimentable  P-4  fraction  following  discontinuous 
gradient  centrifugation  of  the  NE/S-3  fraction  (Table  3).  These  results  suggest  that  the 
DNA  synthesome  exists  as  a  fimctional  complex  within  intact  human  breast  cancer  cells. 
DNA  Polymerase  8  Copurifies  with  the  Breast  Cancer  Cell  DNA  Synthesome. 

Several  lines  of  evidence  support  a  role  for  DNA  polymerase  s  in  cellular  DNA 
replication.  First,  DNA  polymerase  s  is  more  abundant  in  proliferating  tissues  than  in 
non-proliferating  tissues  [33].  Second,  when  quiescent  human  fibroblast  cells  are 
stimulated  to  proliferate,  the  mRNA  levels  of  DNA  polymerase  8,  like  those  of 
polymerase  a,  dramatically  increase  just  prior  to  S-phase  [33].  Third,  when  the  gene 
encoding  the  yeast  homologue  of  DNA  polymerase  8  is  mutated,  the  yeast  cells  fail  to 
proliferate,  suggesting  a  critical  role  for  this  polymerase  in  cell  proliferation  [34].  To 
determine  whether  DNA  polymerase  8  copurifies  with  the  breast  cancer  cell  DNA 
synthesome,  we  probed  the  MDA  MB-468  derived  protein  fractions  with  an  antibody  that 
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Table  3.  DNA  polymerase  a  and  in  vitro  DNA  replication  activities  of  the  DNA 
synthesome  from  nude  mouse  tumor  tissue. 


FRACTION 

NE/S-3 

S-4 

P-4 

DNA  polymerase 

40.6 

2.0 

123.2 

DNA  Replication  +T*’ 

57.2 

11.2 

158.7 

5.5 

4.1 

9.6 

*DNA  polymerase  a  activity  with  activated  calf  thymus  DNA  templates  was  assayed  according  to 
published  fffocedures.  One  unit  of  DNA  polymerase  activity  is  equivalent  to  1x10"  mol  of  ^[H]-TMP 

incorporated  into  DNA  per  hour  at  35®C.  These  values  represent  the  average  of  two  independent 
experiments. 

vitro  SV40  DNA  replication  assays  were  performed  as  described  previously.  One  unit  of  replication 

activity  equals  the  incorporation  of  1  pmol  of  ^^[P]-dCMP  into  SV40  origin  containing  DNA,  These  values 
represent  the  average  of  two  independent  experiments. 


70 


recognizes  the  >200  kDa  polypeptide.  Immunoblot  analysis  reveals  that  DNA  polymerase 
e  was  present  in  the  replication-competent  P-4,  Q-Sepharose  peak  and  sucrose  gradient 
peak  fractions  (Figure  7).  Only  a  minor  amount  of  DNA  polymerase  s  was  present  in  the 
replication-deficient  S-4  fraction  (Figure  7),  while  none  was  detected  in  the  Q-Sepharose 
flow-through  (data  not  shown). 

DNA  Replication  Fidelity  of  the  Breast  Cancer  Cell  DNA  Synthesome. 

The  fidelity  of  DNA  synthesis  is  mediated  in  part  by  the  proof-reading  capacity  of 
the  intrinsic  3 ’-5’  exonuclease  activity  of  DNA  polymerase  5  [25].  We  employed  a 
forward  mutagenesis  assay  to  measure  the  fidelity  of  the  in  vitro  DNA  synthesis  process 
carried  out  by  the  breast  cancer  cell  DNA  synthesome  (Materials  and  Methods)  [35].  In 
this  assay  we  utilized  the  DNA  synthesome  isolated  from  MDA  MB-468  breast  cancer 
cells  and  human  breast  tumor  tissue  to  replicate  plasmid  DNA  containing  the  SV40  origin 
of  replication  and  the  lac-Za  gene.  The  results  of  the  fidelity  assay  were  quantitated  using 
the  blue/white  selection  protocol  described  in  the  Materials  and  Methods  [25].  These 
results  were  compared  to  the  replication  fidelity  of  the  DNA  synthesome  isolated  from 
nonmalignant  Hs587Bst  breast  cells.  We  determined  that  the  DNA  synthesome  purified 
from  MDA  MB-468  cells  possessed  a  replication  fidelity  approximately  6  fold  lower  than 
that  of  the  synthesome  from  Hs587Bst  cells  (Table  4).  Similarly,  the  DNA  synthesome 
purified  from  human  breast  tumor  tissue  possessed  an  approximately  5-fold  lower  DNA 
replication  fidelity  than  the  synthesome  from  Hs587Bst  cells  (Table  4).  These  differences 
in  replication  fidelity  between  the  malignant  and  non-malignant  breast  cell  DNA 
synthesome  suggest  that  transformation  to  the  malignant  phenotype  alters  the  process  by 
which  the  synthesome  from  normal  cells  replicates  DNA. 
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NES-3  P4  S4  QS  SG 
>200kDa  * - -  - - - - 

Figure  7.  Immunoblot  analysis  for  the  presence  of  DNA  polymerase  s  in  the  MDA  MB-468  breast 
cancer  cell  derived  ftactions.  50  pg  of  each  protein  fraction  (PEG  NE/St3,  S-4,  P-4,  Q-Sepharose  peak 
(QS)  and  suCTOse  gradient  peak  (SG))  was  resolved  on  a  8%  polyacrylamide  gel  then  transferred  to  a 
nitrocellulose  membrane.  The  membrane  was  incubated  with  a  i»imary  antibody  against  human  DNA 
polymerase  s.  Following  incubation  with  an  anti-mouse  secondary  antibody  conjugated  to  horseradish 
peroxidase,  the  immobilized  protein  was  detected  using  a  hght-enhanced  chemiluminescent  system 
(Amersham). 
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Table  4*  DNA  replication  fidelity  of  the  breast  cell  DNA  synthesome. 


Origin  of  DNA  Synthesome 

%  Mutants  (average  per  10"^  colonies) 

MDA  MB  468  breast  cancer  cell 
line 

1.20%  +/-  0.2% 

Human  breast  tumor  tissue 

0.93%  +/-  0.3% 

Hs578Bst  non-malignant  breast  cell 
line 

0.19%  +/-  0.08% 

An  in  vitro  DNA  replication  fidelity  assay  [25]  was  performed  to  measure  the  fidelity  with  which  the  DNA 
synthesome  from  MDA  MB  468  breast  cancer  cells,  human  breast  tumor  tissue  and  Hs578Bst  cells 
replicates  plasmid  DNA.  The  replicated  plasmid,  containing  the  bacterial  lac-Z  gene,  was  Dpnl  digested  and 
electroporated  into  E.coli.  The  bacteria  were  then  plated  onto  LB  agar  containing  the  chromogenic  substrate 
X-gal.  Transformed  bacteria  expressing  a  non-mutated  lac-Z  gene  (encodes  the  B-galactosidase  enzyme) 
formed  blue  colonies  on  the  plate,  while  bacteria  containing  DNA  with  mutations  in  the  lac-Z  gene  formed 
white  colonies.  Mutations  occurring  within  the  plasmid  at  locations  other  than  the  lac-Z  gene  are  not 
detected  by  this  assay.  Consequently,  the  reported  percentages  of  white  colonies  provide  a  mitiimiim 
estimate  of  the  actual  number  of  mutations  arising  during  DNA  synthesome  mediated  DNA  replication.  The 
percentage  of  mutant  colonies  expressed  for  the  DNA  synthesome  is  the  average  number  taken  from  3 
separate  assays  of  10"^  transformed  colonies  each.  The  background  mutation  frequency  for  the  forward 
mutagenesis  assay  was  determined  to  be  0.0003%  (Materials  and  Methods), 
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Discussion 

In  this  report,  we  have  described  for  the  first  time  the  purification  of  a 
multiprotein  DNA  replication  complex  isolated  from  human  breast  cancer  cells  and 
breast  tumor  tissues.  The  integrity  of  the  breast  cancer  cell  DNA  synthesome  was 
maintained  after  its  treatment  with  high  salt,  polyethylene  glycol  precipitation,  anion- 
exchange  chromatography  and  sucrose  gradient  sedimentation.  These  results  suggest  that 
the  co-purification  of  the  synthesome’s  proteins  with  one  another  is  independent  of  non¬ 
specific  interactions  with  other  cellular  macromolecules.  In  addition,  upon  velocity 
sedimentation  analysis  of  the  breast  cancer  cell  DNA  synthesome,  both  the  DNA 
polymerase  a  and  DNA  replication  activities  co-migrated  in  the  sucrose  gradient  with  a 
coefficient  of  18S.  This  18S  sedimentation  coefficient  is  comparable  to  that  obtained  for 
the  HeLa  cell  DNA  synthesome  [13,14]. 

Our  data  show  that  the  DNA  polymerase  a  and  DNA  replication  activities  of  the 
synthesome  isolated  fi'om  breast  cancer  cells  and  breast  tumor  tissues  were  enriched  by 
the  successive  steps  of  the  purification  process.  Furthermore,  the  P-4  and  Q-Sepharose 
peak  fi'actions  fi'om  breast  tumor  tissues  possessed  levels  of  in  vitro  SV40  DNA 
replication  activity  comparable  to  those  found  in  fi'actions  derived  fi^om  breast  cancer 
cells.  Overall,  the  isolation  of  the  DNA  synthesome  as  a  fully  functional  complex  from 
human  breast  tumor  tissues  strongly  suggests  that  the  synthesome  mediates  DNA 
replication  in  vivo. 

We  have  identified  several  of  the  key  DNA  replication  proteins  comprising  the 
breast  cancer  cell  DNA  synthesome  utilizing  immunoblot  analyses  and  enzymatic  assays; 
these  proteins  include:  DNA  polymerase  6,  PCNA,  DNA  polymerase  a,  DNA  primase. 
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RF-C,  RP-A,  DNA  topoisomerases  I,  II,  and  DNA  polymerase  e.  All  of  these 
polypeptides,  excluding  DNA  polymerase  s,  have  been  shown  to  be  required  for  the 
faithful  replication  of  SV40  DNA  in  vitro  [8-10],  Moreover,  the  functions  that  each  of 
these  proteins  performs  during  DNA  replication  have  been  determined  by  utilizing  the 
SV40  system.  Recent  studies  demonstrate  that  DNA  polymerase  a-primase  synthesizes 
RNA-DNA  primers  required  for  the  initiation  of  leading  strand  and  Okazaki  fragment 
synthesis  [36,37],  On  the  other  hand,  DNA  polymerase  5  conducts  the  replication  of  the 
leading  strand  and  completes  synthesis  of  the  lagging  strand  during  DNA  chain 
elongation  [36,38],  According  to  a  current  model  for  eukaryotic  DNA  replication,  the 
activities  of  both  DNA  polymerases  a  and  6  are  coordinated  in  part  by  RF-C,  which 
serves  as  a  connector  or  hinge  between  the  proteins  [27],  Additionally,  PCNA,  an 
accessory  factor  for  polymerase  6,  may  participate  in  the  coordination  of  leading  and 
lagging  strand  synthesis  by  functioning  as  part  of  a  molecular  switch  from  the  initiation 
to  the  elongation  phase  of  DNA  replication  [38,39],  The  co-purification  of  DNA 
polymerases  a,  8,  DNA  primase,  PCNA  and  RF-C  with  the  breast  cancer  cell  DNA 
synthesome  indicates  that  the  synthesome  may  act  as  a  coordinated  dipolymerase 
replication  complex. 

RP-A  functions  during  SV40  DNA  synthesis  to  stabilize  newly  formed  single- 
stranded  regions  created  in  replicating  DNA  by  the  helicase  activity  of  the  large  T- 
antigen  [40],  Topoisomerase  I,  also  a  component  of  the  breast  cancer  cell  DNA 
synthesome,  relaxes  positive  DNA  supercoils  as  they  accumulate  ahead  of  the  replication 
fork  [41],  Such  an  action  is  necessary  for  translocation  of  the  replication  machinery  along 
template  DNA  during  DNA  synthesis.  In  addition  to  topoisomerase  I,  topoisomerase  II 
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can  carry  out  the  unwinding  activity  required  for  the  progression  of  the  replication  fork 
during  SV40  DNA  synthesis  [41],  Furthermore,  studies  in  which  intact  cells  were 
incubated  with  topoisomerase  11  inhibitors  demonstrate  that  the  topoisomerase  n  is 
necessary  for  the  decatenation  of  newly  replicated  daughter  DNA  molecules  following 
DNA  synthesis  [42],  The  enzyme  most  likely  functions  in  these  roles  as  a  component  of 
the  DNA  synthesome.  Although  not  yet  identified  as  components  of  the  breast  cancer  cell 
DNA  synthesome,  DNA  helicase  and  DNA  ligase  I  were  found  to  copurify  with  the 
synthesome  isolated  from  HeLa  and  FM3A  cells  [14,15],  Both  of  these  enzymes  have 
been  shown  to  be  required  for  eukaryotic  DNA  replication  [43,44],  We  are  presently 
characterizing  the  breast  tumor  tissue-derived  synthesome  with  respect  to  its  protein 
components.  Presumably,  all  of  the  proteins  comprising  the  breast  cancer  cell  DNA 
synthesome  copurify  with  the  tumor  tissue-derived  synthesome,  as  it  is  fiilly  capable  of 
supporting  S  V40  DNA  replication  in  vitro. 

In  order  to  preserve  the  integrity  of  the  information  contained  in  DNA,  normal 
mammalian  cells  must  replicate  their  DNA  with  an  error  frequency  as  low  as  lO'^*^  [33], 
Such  a  high  fidelity  for  DNA  replication  must  be  maintained  by  the  DNA  synthesis  and 
DNA  repair  systems  functioning  within  the  cell.  We  utilized  a  forward  mutagenesis  assay 
[25]  to  examine  the  fidelity  with  which  the  breast  cancer  cell  and  human  breast  tumor 
tissue  derived  DNA  synthesome  replicates  plasmid  DNA  containing  the  lac-Za  gene. 
This  assay  detects  point  mutations  occurring  within  the  lac-Za  gem  as  well  as  frame- 
shift  mutations  occurring  in  other  positions  on  the  plasmid.  We  found  a  5-6  fold  decrease 
in  the  replication  fidelities  of  the  DNA  synthesome  isolated  from  malignant  breast  cells 
and  tissue  compared  to  that  of  the  DNA  synthesome  isolated  from  a  non-malignant  breast 
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cell  line  (Table  4).  Our  results  are  consistent  with  the  observation  that  mammary  cancer 
cells  accumulate  extensive  genetic  damage  [45,46],  The  significant  difference  in  the 
replication  fidelities  between  the  malignant  and  nonmalignant  breast  cell  DNA 
synthesome  suggests  that  transformation  alters  the  process  by  which  the  latter  replicates 
and/or  participates  in  the  repair  of  DNA.  Indeed,  it  has  been  demonstrated  that  specific 
DNA  replication  proteins  are  targets  for  molecular  modification  during  cellular 
transformation  [4].  For  example,  DNA  polymerases  a  and  8  purified  fi'om  Novikoff 
hepatoma  cells  have  altered  physicochemical  and  catal54ic  properties  compared  to  the 
respective  polymerases  isolated  from  normal  liver  cells  [4],  During  DNA  synthesis,  these 
altered  molecular  and  catalytic  properties  may  contribute  to  a  decreased  specificity  for 
nucleotide  selection  by  the  polymerases,  which  in  turn  leads  to  an  increased  mutation 
rate.  Importantly,  we  have  determined  by  two-dimensional  polyacrylamide  gel 
electrophoresis  that  significant  physical  differences  exist  between  the  protein  components 
of  the  DNA  synthesome  purified  fi'om  malignant  and  nonmalignant  breast  cells  (Bechtel 
et  al.,  unpublished  data.)  We  are  currently  conducting  experiments  to  determine  the 
precise  molecular  changes  that  occur  to  the  components  of  the  breast  cell  DNA 
synthesome  during  transformation.  We  fully  expect  these  studies  to  advance  our 
understanding  of  how  DNA  replication  fidelity  is  reduced  in  breast  cancer  cells. 

We  previously  described  a  model  for  the  organization  of  the  proteins  comprising 
the  DNA  synthesome  isolated  fiom  mouse  mammary  carcinoma  (FM3  A)  cells  and  HeLa 
cells  [14,15].  We  can  now  extend  this  model  to  include  the  breast  cancer  cell  DNA 
synthesome,  based  on  the  fractionation  and  column  chromatographic  profiles  of  its 
protein  components  (Figure  8).  As  DNA  polymerases  a,  6,  s,  DNA  primase  and  RF-C 
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Figure  8.  Model  for  the  human  breast  cell  DNA  synthesome.  A  ftill  description  of  the  model  is  presented 
in  the  text. 
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were  observed  to  copurify  primarily  with  the  replication-competent  DNA  synthesome, 
we  propose  that  these  proteins  form  the  core  of  the  DNA  synthesome.  The  “tight” 
association  of  DNA  polymerase  8  with  the  DNA  synthesome  suggests  that  the  protein 
may  play  a  role  in  mammalian  cell  DNA  replication.  It  has  been  postulated  that  DNA 
polymerase  s  links  the  replication  machinery  with  the  S-phase  checkpoint  by  acting  as  a 
sensor  that  coordinates  transcriptional  responses  to  DNA  damage  in  yeast  [47].  Such  a 
role  for  the  protein  may  exist  in  mammalian  cells  as  well.  In  addition,  we  have  included 
DNA  ligase  I  as  a  member  of  the  tightly  associated  components  of  the  complex  as  it  was 
observed  to  copurify  exclusively  with  the  DNA  synthesome  from  FM3  A  and  HeLa  cells 
[14,15]. 

Unlike  the  other  components,  PCNA,  RP-A  and  topoisomerases  I  and  II  were 
observed  to  co-fractionate  and  co-elute,  following  column  chromatography,  with  those 
fractions  containing  the  breast  cancer  cell  DNA  synthesome  as  well  as  with  fractions 
lacking  DNA  replication  activity.  These  results  suggest  that  only  a  fraction  of  the  cellular 
pools  of  PCNA,  RP-A,  and  topoisomerases  I,  II,  copurify  with  the  DNA  synthesome. 
This  is  consistent  with  the  recognition  that  these  proteins  have  additional  roles  in 
mediating  cellular  functions  such  as  transcription,  recombination  and  repair.  During  the 
initial  stages  of  SV40  DNA  replication,  both  topoisomerase  I  and  RP-A  facilitate  the 
melting  of  SV40  DNA  [48].  Therefore,  we  propose  that  both  of  these  proteins  constitute 
the  “initiation”  components  of  the  breast  cancer  cell  DNA  synthesome.  We  are  currently 
performing  co-immunoprecipitation  studies  to  determine  the  exact  physical  interactions 
of  the  synthesome’ s  proteins  with  each  other.  Their  physical  association  depicted  in 
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Figure  8  is  consistent  with  data  from  our  laboratory  as  well  as  with  several  reports  on 
SV40  and  eukaryotic  DNA  replication  [7,8,27,38], 

In  this  report,  we  have  isolated  and  described  a  multiprotein  complex  for  DNA 
replication  from  breast  cancer  cells  and  breast  tumor  tissues.  The  isolation  of  a  fully 
functional  DNA  synthesome  from  tumor  tissues  strongly  suggests  that  the  synthesome 
mediates  breast  cancer  cell  DNA  replication  in  vivo.  Furthermore,  we  have  established 
that  the  human  breast  cancer  cell  and  tumor  tissue-derived  DNA  synthesome  possess  a 
lower  fidelity  for  DNA  replication  than  the  synthesome  purified  from  non-malignant 
breast  cells.  Breast  cancer  is  characterized  by  a  high  proliferation  phenotype  and  the 
accumulation  of  an  extensive  level  of  DNA  damage  within  tumor  cells  [2,45,46]. 
Understanding  the  process  of  DNA  replication,  as  it  occurs  in  breast  caneer  cells,  will 
greatly  facilitate  the  development  of  improved  anti-breast  cancer  therapies.  We  fUlly 
expect  that  the  complete  characterization  of  the  breast  cancer  cell  DNA  synthesome  will 
further  our  understanding  of  aberrant  breast  cell  DNA  replication  as  well  as  contribute  to 
the  development  of  these  improved  therapies. 
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ABSTRACT 

We  have  previously  described  the  isolation  and  characterization  of  an  intact 
multiprotein  complex  for  DNA  replication,  designated  the  DNA  synthesome,  from 
human  breast  cancer  cells  and  biopsied  human  breast  tumor  tissue  (Coll  et  al,  1996, 
Oncology  Research  8:435-447).  The  purified  DNA  synthesome  was  observed  to  support 
full  DNA  replication  in  vitro.  We  had  also  proposed  a  model  for  the  breast  cell  DNA 
synthesome,  in  which  DNA  polymerases  a,  6  and  s,  DNA  primase  and  replication  factor 
C  (RF-C)  represent  members  of  the  core  component,  or  tightly  associated  proteins  of  the 
complex.  This  model  was  based  on  the  observed  fractionation,  chromatographic  and 
sedimentation  profiles  for  these  proteins.  We  report  here  that  poly(ADP-ribose) 
polymerase  (PARP)  and  DNA  ligase  I  are  also  members  of  the  breast  cell  DNA 
synthesome  core  component.  More  importantly,  in  this  report  we  present  the  results  of 
co-immunoprecipitation  studies  that  were  designed  to  map  the  protein-protein 
interactions  between  several  members  of  the  core  component  of  the  DNA  synthesome. 
Consistent  with  our  proposed  model  for  the  breast  cell  DNA  synthesome,  our  data 
indicate  that  DNA  polymerases  a  and  5,  DNA  primase,  RF-C,  as  well  as  proliferating 
cell  nuclear  antigen  (PCNA)  tightly  associate  with  each  other  in  the  complex;  whereas, 
DNA  polymerase  s,  PARP  and  several  other  components  were  found  to  interact  with  the 
synthesome  via  a  direct  contact  with  only  PCNA  or  DNA  polymerase  a.  The  association 
of  PARP  with  the  synthesome  core  suggests  that  this  protein  may  serve  a  regulatory 
function  in  the  complex.  Also,  the  co-immunoprecipitation  studies  suggest  that  the  three 
DNA  polymerases  a,  5  and  8  all  participate  in  the  replication  of  breast  cell  DNA.  To  our 
knowledge  this  is  the  first  report  ever  to  describe  the  close  physical  association  of 


polypeptides  constituting  the  intact  human  breast  cell  DNA  replication  apparatus. 
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INTRODUCTION 

Breast  cancer  progression  is  associated  with  the  occurrence  of  numerous  genetic 
alterations  that  favor  the  uncontrolled  proliferation  of  mammary  cancer  cells  (1). 
Inactivating  mutations  in  the  p53  or  cyclin  D  genes,  for  example,  abrogate  cell  cycle 
check  points  and  lead  to  increased  cellular  proliferation  rates  and  the  accumulation  of 
extensive  DNA  damage  (2).  Among  the  markers  used  in  breast  carcinoma,  a  high  tumor 
proliferation  rate  correlates  closely  with  poor  prognosis  for  overall  patient  survival  (3). 
Therefore,  elucidating  the  molecular  mechanisms  of  breast  cell  DNA  replication  could  be 
critical  to  the  development  of  improved  anti-breast  cancer  therapies. 

To  date,  several  reports  have  described  the  isolation  of  large  macromolecular 
complexes  of  replication-essential  polypeptides  from  the  extracts  of  eukaryotic  cells  (4- 
7).  For  example,  a  megacomplex  of  enzymes  involved  in  dNTP  synthesis  and  DNA 
polymerization,  known  as  replitase,  has  been  purified  from  Chinese  hamster  embryo 
fibroblast  cells  (CHEF/18)  (5).  In  other  work,  Jackson  and  Cook  (8)  reported  the 
retention  of  a  large  megacomplex  containing  DNA  polymerase  a  and  other  enzymes  for 
DNA  synthesis  in  agarose  entrapped  nuclei.  The  megacomplex  could  ftinction  in  the 
replication  of  endogenous  chromosomal  DNA,  and  some  evidence  was  obtained 
suggesting  that  it  associates  with  the  nuclear  matrix  (9).  Additionally,  the  isolation  of 
100-1  SOS  megacomplexes  from  regenerating  rat  liver  that  contain  DNA  polymerase  a- 
primase  and  associate  with  the  nuclear  matrix  has  been  reported  (7).  Our  laboratory  was 
the  first  to  isolate  and  characterize  a  frilly  functional  18-2 IS  multiprotein  complex  for 
DNA  synthesis,  designated  the  DNA  synthesome,  from  human  cervical  cancer  (HeLa) 
cells  as  well  as  from  murine  mammary  carcinoma  (FM3  A)  and  human  leukemia  (HL60) 
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cells  (10-13).  We  have  also  recently  reported  that  the  DNA  synthesome  can  be  isolated 
successfully  from  human  breast  cancer  cells  and  breast  tumor  tissue  (14).  Importantly,  in 
all  cases  the  DNA  synthesome  was  shown  to  fully  support  semi-conservative  papovavirus 
DNA  replication  in  vitro,  in  the  presence  of  the  viral  large  T-antigen  and  plasmid  DNA 
containing  papovavirus  origin  sequences.  Because  papovaviruses  are  extensively 
dependent  on  the  host  cell  DNA  replication  apparatus  for  their  own  viral  genome 
synthesis,  this  indicates  that  the  DNA  synthesome  must  also  function  in  mammalian  cell 
DNA  replication. 

We  have  also  demonstrated  that  the  integrity  and  function  of  this  multiprotein 
complex  is  maintained  after  its  treatment  with  high-salt,  non-ionic  detergents,  RNase, 
DNase,  anion  exchange  chromatography,  sedimentation  through  glycerol  or  sucrose 
gradients  and  electrophoresis  through  native  polyacrylamide  gels  (10-15).  These  results 
indicate  that  the  components  of  the  DNA  synthesome  associate  with  each  other 
independent  of  non-specific  interactions  with  other  cellular  macromolecules. 

The  coordinated  activities  of  several  proteins  have  been  shown  to  be  required  for 
eukaryotic  DNA  synthesis  in  vitro  [reviewed  in  (6,16,17)].  These  proteins  have  been 
shown  to  co-purify  with  the  DNA  synthesome  (10-14)  and  include:  DNA  polymerases  a, 
8  and  e,  PCNA,  RF-C,  RP-A,  topoisomerases  I  and  II,  and  DNA  primase.  A  model 
representing  the  synthesome  has  been  proposed  based  on  the  observed  fractionation, 
chromatographic  and  sedimentation  profiles  of  the  proteins  that  co-purified  with  the 
complex  (11-14).  The  synthesome’s  core  component  was  proposed  to  include  the 
replication  elongation  proteins  DNA  primase,  RF-C  and  DNA  polymerases  a,  5  and  s 
due  to  their  exclusive  partitioning  with  one  another  during  the  course  of  synthesome 
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purification.  In  this  report  we  describe  the  first  experimental  evidence  that  indicates  a 
close  physical  association  between  several  protein  members  of  the  proposed  breast  cell 
synthesome  core  component.  This  is  important  since  models  for  the  organization  of  DNA 
synthetic  proteins  into  replicating  machines  have  been  proposed  (18);  however,  it  is  still 
unclear  how  these  replication  factors  associate  with  one  another  to  facilitate  the  efficient 
and  coordinated  process  of  DNA  synthesis  in  mammalian  cells.  This  report  describes 
studies  aimed  at  beginning  to  address  this  problem. 
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MATERIALS  AND  METHODS 

Cell  Culture.  Suspension  cultures  of  MDA  MB-468  human  breast  cells  were  adapted 
from  monolayer  cultures.  The  cells  were  grown  in  Joklik's  modified  Eagle's  medium 
supplemented  with  5%  each  of  irradiated  new-born  calf  serum  and  fetal  bovine  serum. 
Exponentially  growing  cells  (5x  10^  cells/ml  medium)  were  harvested  and  washed  three 
times  with  PBS  (19):  20  mM  Na2HP04,  0.15  mM  NaCl,  2.7  mM  KCl,  1.5  mM  KH2PO4. 
The  cells  were  then  pelleted  by  low-speed  centrifugation  (lOOOrpm,  5  minutes,  4°C),  and 
the  cell  pellets  stored  at  -80°C  until  fractionation. 

Isolation  and  Purification  of  the  DNA  synthesonie  from  MDA  MB-468  Breast 
Cancer  Cells  and  Human  Breast  Tumor  Tissue.  The  DNA  synthesome  was  isolated 
from  MDA  MB-468  cells  (20  g)  and  an  infiltrating  type  ductal  carcinoma  of  the  female 
mammary  gland  according  to  our  previously  published  procedures  (14).  We  have  shown 
previously  that  the  NE/S-3,  P4  and  Q-Sepharose  (Pharmacia,  Piscataway,  NJ)  peak 
fractions  contain  the  replication-competent  DNA  synthesome,  whereas  the  S-4  and  Q- 
Sepharose  anion-exchange  column  flow-through  fractions  do  not  contain  the  complex. 

In  vitro  SV40  DNA  Replication  Assay.  In  vitro  DNA  replication  assays  were  performed 
according  to  previously  published  procedures  (20).  One  unit  of  SV40  replication  activity 
is  equivalent  to  the  incorporation  of  1  pmol  dCMP  into  newly  synthesized  DNA  per  2h 
under  the  standard  assay  conditions. 

Purification  of  SV40  Large  T-antigen.  SV40  large  T-antigen  was  purified  from  293 
cells  infected  with  a  recombinant  adenovirus  vector,  Ad-SVR284,  as  detailed  elsewhere 
(21). 
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Enzyme  Assays.  DNA  polymerase  a  activity  with  activated  calf  thymus  DNA 
templates  was  assayed  according  to  published  procedures  (22,23).  One  unit  of  DNA 
polymerase  a  activity  is  equivalent  to  the  incorporation  of  Inmol  [^H]-TMP  into  DNA 
per  hour  at  37°C.  DNA  primase  activity  with  single-stranded  poly(dT)  template  DNA 
was  also  assayed  according  to  previously  published  procedures  (23).  One  unit  of  DNA 
primase  activity  is  equal  to  the  incorporation  of  1  nmol  [^H]-dAMP  into  DNA  per  hour  at 
30°C. 

Co-immunoprecipitation  of  the  Core  Protein  Members  of  the  DNA  Synthesome  by 
PCNA  and  DNA  Polymerases  a  and  5  Antibodies.  Antibody  sources:  anti-RF-C,  a 
generous  gift  from  Dr.  Bruce  Stillman  (Cold  Spring  Harbor  Laboratory,  Cold  Spring 
Harbor,  NY);  anti-PARP,  a  generous  gift  from  Dr.  Mark  Smulson  (Georgetown 
University  School  of  Medicine,  Washington,  D.C.);  anti-RP-A,  a  generous  gift  from  Dr. 
Bruce  Stillman;  and  anti-DNA  ligase  I,  a  generous  gift  from  Dr.  Dana  Lasko  (Lady  Davis 
Institute  for  Medical  Research,  Montreal,  Quebec).  One  hundred  micrograms  of  the  Q- 
Sepharose  peak  fraction  from  MDA  MB-468  breast  cancer  cells  or  50  pg  of  the  P-4 
fraction  from  human  breast  tumor  tissue  was  precleared  with  either  protein  A  or  G- 
conjugated  agarose  beads  for  10  minutes  at  4°C.  The  precleared  protein  fractions  were 
next  incubated  overnight  at  4°C  with  monoclonal  antibodies  directed  against  PCNA 
(mAb-10;  2.5  pg/reaction),  DNA  polymerase  8  (mAb-11;  80  pi  tissue  culture 
supematant/reaction)  or  DNA  polymerase  a  (SJK  132-20  (24);  20  pg  purified 
ascites/reaction).  For  negative  controls,  co-immunoprecipitations  were  also  performed 
with  a  monoclonal  antibody  directed  against  the  PDGF  receptor  (1  pg/reaction)  and  pre- 
immune  mouse  IgG  (0.5  pg/reaction).  Eighty  microliters  of  a  10%  suspension  of  protein 
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A  or  G  conjugated-agarose  beads,  resuspended  in  buffer  1  [SOOniM  NaCl,  25niM  Tris- 
HCl  (pH  7.5),  5mM  EDTA  (pH  7.5)  and  1%  Triton  X-100],  was  then  added  to  the 
respective  reactions  and  the  incubations  continued  for  an  additional  2  hours  at  4°C.  The 
reaction  mixtures  were  then  centrifuged  at  3500  rpm  for  five  minutes  at  4°C,  and  the 
supernatant  and  pellet  fractions  were  reserved.  Subsequently,  the  pellet  fraction  was 
washed  three  times  with  buffer  1,  then  twice  with  a  low-salt  buffer  [5mM  EDTA  (pH  7.5) 
and  lOmM  Tris-HCl  (pH  7.5)].  Both  the  pellet  and  supernatant  fractions  were  heat 
denatured  for  1  minute  at  100°C  in  Laemmli  loading  buffer,  then  subjected  to  SDS- 
PAGE  (100  volts).  After  the  electrophoretic  transfer  of  the  separated  polypeptides  to 
nitrocellulose  membranes  (20  volts,  16  hours,  4°C),  the  following  antibodies  were  used  to 
probe  the  blots:  anti-PCNA  (1:500;  recognizes  the  36  kDa  protein);  anti-DNA 
polymerase  8  (1:3;  recognizes  the  125  kDa  polypeptide);  anti-DNA  polymerase  a  (1:250; 
recognizes  the  180  kDa  pol5q)eptide)  (24);  anti-DNA  polymerase  s  (1:500;  recognizes  the 
>200  kDa  polypeptide);  anti-RF-C  (1:500;  recognizes  the  140  kDa  polypeptide);  anti- 
PARP  (1:750;  recognizes  the  116  kDa  polypeptide);  anti-RP-A  (1:500;  recognizes  the  34 
kDa  polypeptide);  and  anti-DNA  ligase  I  (1:750;  recognizes  the  110  kDa  polypeptide). 
Each  blot  was  next  incubated  with  the  appropriate  species-specific  horseradish 
peroxidase  conjugated  secondary  antibody  and  the  immunodetection  of  the  replication 
proteins  performed  with  a  light-enhanced  chemiluminescence  system.  In  the  experiments 
where  the  Q-Sepharose  peak  supernatants  were  assayed  for  DNA  polymerase  a,  DNA 
primase  and  in  vitro  DNA  replication  activities,  co-immunoprecipitations  were  performed 
as  follows.  Briefly,  50  pg  of  the  Q-Sepharose  peak  fraction  was  incubated  with  either  20 
pg  of  PCNA  antibody  conjugated  to  protein  A  agarose  beads,  20  pi  of  DNA  polymerase 
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a  antibody  (purified  ascites)  or  5  tig  of  pre-immune  mouse  IgG  for  4  hours  at  4°C  on  an 
orbital  shaker.  Protein  G  agarose  beads  (30  pi),  pre-coated  with  BSA,  were  next  added  to 
the  reactions  containing  polymerase  a  antibody  or  pre-immune  mouse  IgG,  and  the 
incubations  continued  for  an  additional  1  hour  at  4°C.  The  antigen-antibody  complexes, 
bound  to  the  protein  A  or  G  conjugated  agarose  beads,  were  pelleted  by  low-speed 
centrifugation  at  3500  rpm  for  5  minutes  at  4°C.  The  protein  supernatants  were  collected 
from  each  reaction  and  assayed  immediately  for  DNA  polymerase  a,  DNA  primase  and 
in  vitro  SV40  DNA  replication  activities.  The  positive  controls  for  each  reaction,  which 
were  also  incubated  for  5  hours  at  4°C,  contained  50  pi  of  the  Q-Sepharose  peak  fraction 
diluted  to  the  appropriate  level  with  PBS  buffer. 

Native  Gel  Electrophoresis  and  Native  Immunoblotting.  Native  gel  electrophoresis 
and  native  immunoblot  analyses  were  performed  as  described  in  previously  published 
procedures  from  our  laboratory  [15]. 
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RESULTS 

PARP  and  DNA  Ligase  I  Are  Part  of  the  Breast  Cell  Synthesome  Core  Component. 

We  isolated  the  DNA  synthesome  from  MDA  MB-468  human  breast  cancer  cells 
and  biopsied  human  breast  tumor  tissue  according  to  the  fractionation  scheme  described 
in  our  previously  published  procedures  (14).  The  breast-cell-derived  NE/S-3,  P-4,  S-4, 
Q-Sepharose  peak  and  flow-through  fractions  (Materials  and  Methods)  were  subjected  to 
Western  blot  analyses  for  the  detection  of  PARP  and  DNA  ligase  I  (Figures  lA  and  B, 
respectively).  It  was  observed  that  both  PARP  and  DNA  ligase  I  partition  exclusively 
with  the  NE/S-3,  P4  and  Q-Sepharose  peak  fractions  (Figures  lA,  B).  These  proteins 
were  not  detectable  in  the  S-4  or  Q-Sepharose  flow-through  fractions.  We  have 
previously  shown  that  those  fractions  enriched  for  the  DNA  synthesome,  namely,  the 
NE/S-3,  P-4  and  Q-Sepharose  peak,  are  fully  competent  to  support  large  T-antigen 
dependent  SV40  DNA  replication  in  vitro  (14).  It  was  also  found  that  those  proteins  that 
are  members  of  the  core  component  of  the  synthesome  model  partition  exclusively  with 
these  fractions  (11-14).  Therefore,  our  data  reported  here  suggest  that  both  PARP  and 
DNA  ligase  I  are  also  members  of  the  core  component  of  the  breast  cell  DNA 
synthesome. 

The  Breast  Cell  DNA  Synthesome  Is  a  Discrete  High-Molecular- Weight  Complex  in 
Native  Polyacrylamide  Gels. 

Recent  work  from  our  laboratory  indicates  that  the  synthesome  derived  from 
HeLa  cells  could  be  isolated  from  native  polyacrylamide  gels  as  a  discrete  high  molecular 
weight  complex  (Tom  et  al.,  to  be  published  elsewhere).  It  has  been  found  that  this 
discrete  high  molecular  weight  band  is  significantly  enriched  for  as  a  function  of 


Figure  1 A 


Figure  1.  Identification  of  (A)  PARP  and  (B)  DNA  ligase  I  as  core  components  of  the  breast  cell  DNA 
synthesome.  Fifty  micrograms  of  the  NE/S-3,  P-4,  S-4,  Q-Sepharose  peak  (QS  peak)  and  Q-Sepharose 
flow-throu^  (FT)  protein  fractions  was  resolved  by  SDS-PAGE  (100  volts),  then  transferred  to 
nitrocellulose  membrane  filters  (20  volts,  16  hours,  4°C).  Polyclonal  antibodies  directed  against  (A)  PARP 
or  (B)  DNA  ligase  I  were  used  at  1:750  dilutions  to  probe  the  membranes  for  either  the  116-  or  110-kDa 
proteins,  respectively.  Subsequently,  each  membrane  was  incubated  with  the  appropriate  species-specific 
horseradish  peroxidase  conjugated  secondary  antibody  at  a  dilution  of  1:5000.  Immunodetection  of  the 
DNA  replication  proteins  was  performed  using  a  li^t-enhanced  chemiluminescence  system  (Amersham). 


103 


synthesome  purification  from  HeLa  cells.  Also,  this  high  molecular  weight  material  has 
been  electroeluted  from  native  polyacrylamide  gels  and  shown  to  contain  several 
replication  proteins  (DNA  polymerases  a,  8,  PCNA,  topoisomerase  I)  and  maintain  its 
ability  to  support  in  vitro  SV40  DNA  replication.  We  report  here,  for  the  first  time,  that 
the  synthesome  from  MDA  MB-468  breast  cancer  cells  (Figure  2,  lanes  1  and  2)  and 
human  breast  tumor  tissue  (data  not  shown),  also  migrates  as  a  discrete  high  molecular 
weight  band  when  resolved  on  native  polyacrylamide  gels. 

Protein-Protein  Interactions  within  the  Breast  Cell  DNA  Synthesome. 

To  test  for  close  physical  association  between  the  protein  members  of  the  core 
component  of  the  breast  cell  DNA  synthesome,  we  performed  co-immunoprecipitation 
studies  (Materials  and  Methods)  with  the  Q-Sepharose  peak  fraction  using  monoclonal 
antibodies  directed  against  PCNA  (mAb-10)  and  DNA  polymerases  a  (SJK  132-20)  and 
6  (mAb-11).  PCNA  serves  as  an  accessory  factor  for  DNA  polymerases  5  and  8, 
enhancing  their  enzymatic  activities  by  forming  a  sliding  clamp  around  duplex  DNA 
(25,26).  In  accordance  with  its  role  as  an  auxiliary  factor  for  DNA  polymerases  6  and  8, 
we  found  that  PCNA  antibody  precipitated  these  two  polymerases  from  the  Q-Sepharose 
peak  fraction  in  addition  to  the  PCNA  polypeptide  (Figure  3,  lanes  5  and  11).  Also, 
DNA  polymerase  a  and  RF-C  were  co-precipitated  by  the  PCNA  antibody  (Figure  3, 
lanes  7  and  9),  evidence  for  a  close  interaction  between  PCNA  and  these  proteins  within 
the  breast  cell  DNA  synthesome.  This  result  is  supported  by  affinity  chromatography 
studies  performed  with  the  bacteriophage  T4  replication  system  in  which  a  physical 
association  between  the  T4  analogues  of  PCNA  and  RF-C  was  found  (27).  DNA  ligase  I, 
RP-A  and  PARP,  on  the  other  hand,  were  not  co-precipitated  by  the  PCNA  antibody 
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Figure  2.  The  breast  cell  DNA  synthesome  migrates  as  a  discrete  high  molecular  weight  complex  on 
native  4%  polyacrylamide  gels.  Thirty  micrograms  of  the  Q-Sepharose  peak  (lane  1),  the  protein 
supernatant  obtained  after  immimoprecipitation  of  PCNA  polypeptide  from  60  pi  of  the  Q-Sepharose  peak 
by  PCNA  antibody  (mAb-  10;  2.5  pg)  (lane  3),  and  a  control  for  this  reaction  containing  60  pi  of  the  Q- 
Sepharose  peak  diluted  to  the  appropriate  level  with  PBS  buffer  (lane  2),  were  resolved  by  native 
polyacrylamide  gel  electrophoresis  (90  volts,  4°C).  The  resolved  polypeptides  were  then  transferred  to 
nitrocellulose  membrane  filters  (15  volts,  16  hours,  4°C).  A  monoclonal  antibody  directed  against  DNA 
polymerase  a  antibody  (SJK  132-20)  was  used  at  a  1:400  dilution  to  probe  the  membrane  for  the  high 
molecular  weight  band  that  represents  the  DNA  synthesome.  To  demonstrate  that  PCNA  antibody  had 
completely  precipitated  PCNA  polypeptide  from  the  Q-Sepharose  peak  in  these  experiments,  we  subjected 
both  the  pellet  (lane  5)  and  supernatant  (lane  6)  fractions  obtained  in  a  parallel  immunop-ecipitation 
experiment  to  SDS-PAGE.  After  electrophoretic  transfer  of  the  resolved  polypeptides  to  nitrocellulose 
membrane  filters,  PCNA  antibody  was  used  at  a  1:500  dilution  to  probe  the  membrane  for  the  36  kDa 
protein.  Lane  4  shows  PCNA  contained  in  50  pg  of  the  Q-Sepharose  peak  (positive  control). 
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Figure  3,  panel  1 


Figure  3.  Co-immunoprecipitation  of  several  of  the  protein  components  of  the  DNA  synthesome  a 
monoclonal  antibody  directed  against  PCNA  (mAb-lO).  For  each  panel,  the  positive  control  lanes 
contained  50  pg  of  the  Q-Sepharose  peak  probed  with  the  respective  antibodies.  The  target  proteins  are 
marked  by  a  bullet  and  the  antibody  heavy  and  light  chains  (IgG)  are  marked  by  arrows.  IP  represents  an 
abbreviation  for  immunoprecipitation.  The  bullets  in  lanes  22-24  mark  PCNA,  DNA  polymerases  a  and  5, 


respectively. 
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(Figure  3,  lanes  14, 17  and  20),  suggesting  that  these  polypeptides  do  not  directly  contact 
PCNA  in  the  breast  cell  DNA  synthesome. 

Consistent  with  our  results  that  PCNA  interacts  closely  with  several  components 
of  the  DNA  synthesome,  PCNA  antibody  depleted  the  Q-Sepharose  peak  fraction  of  the 
discrete  high-molecular-weight  band  that  represents  the  DNA  synthesome  on  native 
polyacrylamide  gels  (Figure  2,  lane  3).  Moreover,  PCNA  antibody  precipitated  PCNA  as 
well  as  polymerases  a  and  5  from  the  human  breast  tumor  tissue  derived  DNA 
synthesome  (Figure  3,  lanes  22-24,  respectively).  These  data  from  human  breast  tissue 
indicate  that  the  protein  interactions  detected  within  the  DNA  synthesome  from  MDA 
MB-468  breast  cancer  cells  do  not  merely  represent  a  cell  line  dependent  phenomenon. 
Further  evidence  for  a  close  interaction  between  DNA  polymerases  a,  5,  PCNA  and  RF- 
C  within  the  breast  cell  DNA  synthesome  was  obtained  in  immunoprecipitation 
experiments  performed  with  DNA  polymerase  8  antibody  (mAb-1 1).  As  shown  in  Figure 

4,  DNA  polymerase  8  antibody  precipitated  DNA  polymerase  8  from  the  Q-Sepharose 
peak  fraction  as  well  as  PCNA,  DNA  polymerase  a  and  RF-C  proteins  (Figure  4,  lanes  1, 

5,  7  and  9).  Similar  results  demonstrating  a  close  interaction  between  polymerases  a,  8 
and  RF-C  within  the  RC  complex  from  calf  thymus  were  recently  described  (28).  It  has 
been  proposed  that  synthesis  of  the  leading  and  lagging  strand  DNA  templates,  mediated 
by  DNA  polymerases  a  and  8,  respectively,  is  coordinated  by  RF-C,  which  acts  as  a 
molecular  hinge  between  the  two  polymerases  (29).  Our  experimental  results  are 
consistent  with  this  theory.  In  contrast,  we  found  that  DNA  polymerase  s,  DNA  ligase  I, 
RP-A  and  PARP  were  not  co-precipitated  by  the  DNA  polymerase  8  antibody  (Figure  4, 
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Figure  4,  panel  1 

Figure  4.  Co-itmnimoprecipitation  of  several  of  the  potein  components  of  the  DNA  synthesome  by  a 
monoclonal  antibody  directed  against  DNA  polymerase  8  (mAb-  11).  For  each  panel,  the  positive  control 
lanes  contained  50  pg  of  the  Q-Sepharose  peak  probed  with  the  respective  antibodies.  The  target  proteins 
are  marked  a  bullet  and  the  antibody  heavy  and  light  chains  (IgG)  are  marked  by  arrows.  IP  represents 
an  abbreviation  for  immunoprecipitation. 
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lanes  12,  15,  18  and  21)  and  probably  do  not  directly  contact  DNA  polymerase  5  in  the 
breast  cell  DNA  synthesome. 

As  observed  for  the  PCNA  and  DNA  polymerase  5  immunoprecipitations,  DNA 
polymerases  a  and  6,  PCNA  and  RF-C  polypeptides  were  also  precipitated  by  DNA 
polymerase  a  antibody  (SJK  132-20)  (Figure  5,  lanes  1,  3,  7  and  9).  Additionally,  DNA 
polymerase  a  antibody  co-precipitated  RP-A,  or  single-stranded  DNA  binding  protein 
(Figure  5,  lane  18),  and  PARP  (Figure  5,  lane  21),  which  catalyzes  the  poly(ADP- 
ribosyl)ation  of  proteins  involved  in  such  nuclear  processes  as  DNA  replication  and  DNA 
repair  (30).  Direct  evidence  for  a  physical  interaction  between  purified  RP-A  and  DNA 
polymerase  a-primase  proteins  has  been  reported  by  other  laboratories  (31). 
Furthermore,  it  has  been  shown  that  PARP  and  DNA  polymerase  a  purify  together  in  400 
and  700  kDa  macromolecular  complexes  purified  from  calf  thymus  (32)  as  well  as 
interact  with  each  other  in  intact  3T3-L1  cells  during  the  initial  stages  of  their 
differentiation  (33). 

Several  lines  of  evidence  indicate  that  PARP  may  participate  in  the  regulation  of 
the  initiation  stage  of  DNA  synthesis.  First,  PARP  modulates  the  activities  of  DNA 
polymerase  a  (34),  topoisomerase  I  (35)  and  RP-A  (30),  proteins  that  participate  in  the 
initiation  events  of  DNA  synthesis,  by  catalyzing  their  poly(ADP-ribosyl)ation.  Second, 
PARP  can  inhibit  the  elongation  of  Okazaki  fragments  catalyzed  by  DNA  polymerase  a 
during  SV40  DNA  replication  in  vitro  (30).  We  have  recently  reported  that  the  overall  in 
vitro  replication  activity  of  the  DNA  synthesome  is  modulated  by  PARP  per  se  and/or 
poly(ADP-ribosyl)ation  (36).  We  are  currently  conducting  experiments  to  determine 
precisely  how  PARP  modulates  the  activity  of  the  breast  cell  DNA  synthesome. 
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Figure  5,  panel  1 


Figure  5.  Co-immunoprecipitation  of  several  of  the  protein  components  of  the  DNA  synthesome  by  a 
monoclonal  antibody  directed  against  DNA  polymerase  a  (SJK  132-20).  For  each  panel,  the  positive 
control  lanes  contained  50  ng  of  the  Q-Sepharose  peak  probed  with  the  respective  antibodies.  The  target 
proteins  are  marked  a  bullet  and  the  antibody  heavy  and  hght  chains  (IgG)  are  marked  by  arrows.  IP 
represents  an  abbreviation  for  immunoprecipitation. 
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Neither  DNA  polymerase  e  nor  DNA  ligase  I  were  co-precipitated  by  the  DNA 
polymerase  a  antibody  (Figure  5,  lanes  12, 15).  These  results  suggest  that  these  proteins 
do  not  directly  associate  with  DNA  polymerase  a  in  breast  cell  DNA  synthesome.  Most 
importantly,  the  protein  associations  detected  by  the  immunoprecipitations  with  the 
PCNA,  DNA  polymerases  6  and  a  antibodies  were  specific  for  these  antibodies.  None  of 
the  components  of  the  breast  cell  DNA  synthesome  were  precipitated  by  a  monoclonal 
antibody  directed  against  the  platelet-derived  growth  factor  (PDGF)  receptor  or  pre- 
immune  mouse  IgG  (Figure  6). 

A  summary  of  all  of  the  co-immunoprecipitation  results  is  presented  in  Table  1. 
From  the  data  in  this  table  several  clear  synthesome  protein-protein  interactions  emerge. 
DNA  Polymerase  a,  DNA  Primase  and  in  vitro  DNA  Replication  Activities  of  PCNA 
and  DNA  Polymerase  a-Depleted  Q-Sepharose  Peak  Fractions. 

Finally,  we  also  assayed  PCNA  and  DNA  polymerase  a  depleted  Q-Sepharose 
peak  fractions  from  MDA  MB-468  breast  cancer  cells  for  DNA  polymerase  a,  DNA 
primase  and  SV40  in  vitro  DNA  replication  activities.  As  shown  in  Figure  7  (lanes  2,  3, 
5,  6,  8,  9),  these  fractions  contained  significantly  reduced  levels  of  DNA  polymerase  a, 
DNA  primase  and  in  vitro  replication  activities  compared  to  control  fractions.  These  data 
provide  additional  strong  evidence  for  a  physical  association  between  PCNA  and  DNA 
polymerases  a  and  6  within  the  breast  cell  DNA  synthesome.  Furthermore,  these  results 
indicate  that  DNA  primase,  the  tightly  associated  subunit  of  DNA  polymerase  a,  also 
associates  with  DNA  polymerase  5  and  PCNA  in  the  DNA  synthesome.  As  a  negative 
control,  the  Q-Sepharose  peak  was  treated  with  mouse  pre-immune  IgG,  which  did  not 
affect  the  ability  of  the  breast  cell  DNA  synthesome  to  support  the  respective  enzymatic 
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Figure  7.  DNA  polymerase  a,  DNA  pritnase  and  in  vitro  SV40  DNA  replication  activities  of  the  Q- 

Sepharose  peak  fraction  treated  with  monoclonal  PCNA  (mAb- 10)  and  DNA  polymerase  a  (SJK  132-20) 
antibodies.  The  Q-Sepharose  peak  fraction  was  incubated  with  PCNA  antibody  conjugated  to  protein  A 
agarose  beads  (lanes  2,  5  and  8),  DNA  polymerase  a  antibody  (purified  ascites)  (lanes  3,  6  and  9)  or  pre- 
immune  mouse  IgG  (lanes  1,  4  and  7).  After  the  antigen-antibody-protein  A/G  agarose  complexes  were 
pelleted  by  low-speed  centrifugation,  the  protein  supernatants  were  collected  and  assayed  immediately  for 
DNA  polymerase  a,  DNA  primase  and  in  vitro  DNA  replication  activities.  Diagonal  striped  bars  represent 
DNA  polymerase  a  activity.  Solid  bars  represent  DNA  primase  activity  and  vertical  striped  bars  represent 
in  vitro  DNA  replication  activity.  Each  value  for  percent  control  activity  (cpm)  is  an  average  of  2-5 
separate  experiments.  Lines  represent  deviations  from  the  average.  Bar  10  represents  the  in  vitro  DNA 
replication  activity  contained  in  both  PCNA  and  polymerase  a  depleted  Q-Sepharose  peak  fractions.  The 
typical  control  values  for  DNA  polymerase  a,  DNA  primase  and  in  vitro  DNA  replication  activities  are 
5,253  cpm,  8,083  cpm  and  103,336  cpm,  respectively. 
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and  in  vitro  replication  activities  (Figure  7,  lanes  1, 4, 7). 
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DISCUSSION 

We  have  demonstrated  that  DNA  polymerases  a  and  8,  DNA  primase,  PCNA  and 
RF-C  tightly  associate  with  each  other  in  the  breast  cell  DNA  synthesome  [as  suggested 
in  our  previously  proposed  model  of  the  complex  (14)],  as  each  of  these  proteins  co¬ 
precipitates  with  antibodies  directed  against  polymerases  a,  6  and  PCNA.  Our  results  are 
supported  by  the  work  of  others  previously  reported  for  a  DNA  polymerization- 
competent,  but  not  replication-competent,  multiprotein  complex  purified  from  calf 
thymus  (28)  and  by  data  obtained  in  reconstituted  in  vitro  replication  systems  (29,37). 
However,  this  is  the  first  report  ever  to  describe  the  close  physical  association  of  DNA 
replication  proteins  within  an  intact  replication-competent  multiprotein  complex  isolated 
from  human  cancer  cells  and  tumor  tissue.  When  we  began  these  studies  it  was  initially 
anticipated  that  a  single  antibody  directed  against  one  of  the  synthesome  replication 
proteins  might  coprecipitate  all  of  the  protein  components  of  the  complex.  However,  our 
experimental  results  have  shown  that  this  is  not  the  case.  Only  those  synthesome  proteins 
that  are  in  close  physical  association  with  a  target  protein  are  able  to  be  coprecipitated 
under  the  conditions  used  in  these  studies.  It  may  be  somewhat  naive  to  assume  that  a 
single  antibody  would  be  able  to  “catch”  the  entire  synthesome.  It  is  possible  that  the 
binding  of  the  antibody  itself  to  one  component  of  the  synthesome  could  promote  the 
disruption  of  some  of  the  interactions  between  other  components  of  the  complex  that  are 
distal  to  the  target  protein  bound  by  the  antibody.  Or  perhaps  the  shape  of  the  synthesome 
itself  may  cause  a  partial  disassembly  of  the  complex  under  the  coimmunoprecipitation 
conditions.  Experiments  are  currently  underway  in  our  laboratory  to  use  two  antibodies 
directed  at  different  synthesome  targets  in  an  effort  to  “catch”  the  entire  complex  under 
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coprecipitation  conditions.  Nonetheless,  the  results  reported  here  are  important  and  offer 
the  first  detailed  glimpse  at  how  a  significant  component  of  the  synthesome  is  composed. 

We  have  previously  proposed  that  DNA  polymerases  a,  6,  e,  DNA  primase  and 
RF-C  constitute  the  core  of  the  breast  cell  DNA  synthesome  as  these  polypeptides  co¬ 
purify  with  only  those  fractions  enriched  for  the  DNA  synthesome  during  the  purification 
process  (14).  Based  on  the  similar  fractionation  profiles  for  PARP  and  DNA  ligase  I,  we 
now  include  these  proteins  members  of  the  core  component  of  the  breast  cell  DNA 
synthesome.  Furthermore,  PCNA  may  also  represent  a  core  component  of  the  breast 
cancer  cell  synthesome  as  it  was  found  to  associate  tightly  with  DNA  polymerases  a,  5, 
e,  DNA  primase  and  RF-C.  The  presence  of  PCNA  in  those  fractions  not  enriched  for  the 
DNA  synthesome  (11-14)  may  be  interpreted  to  suggest  that  more  than  one  pool  of 
PCNA  exists  within  the  cell.  In  support  of  this  claim,  it  has  previously  been  reported  for 
HeLa  cells  that  only  about  35%  of  the  total  eellular  PCNA  associates  with  replication  foci 
during  the  peak  of  the  S-phase  (38). 

We  have  constructed  a  new  model  for  the  organization  of  the  proteins  within  the 
breast  cell  DNA  synthesome  based  on  the  data  presented  in  this  report  (Figure  8). 
Overall,  our  data  suggest  that  the  breast  cell  DNA  synthesome  represents  an  asymmetrie 
multiprotein  eomplex  for  DNA  replieation.  According  to  one  model  for  DNA  replication 
in  vitro,  polymerase  a-primase  synthesizes  RNA  primers  required  for  the  initiation  of 
leading  strand  and  Okazaki  fragment  synthesis,  whereas  DNA  polymerase  8  conduets 
leading  and  lagging  strand  DNA  synthesis  during  the  elongation  phase  of  DNA 
replieation  (37).  It  is  postulated  that  RF-C  facilitates  coordinated  leading  and  lagging 
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Figure  8.  A  model  for  the  core  component  of  the  human  breast  cell  DNA  synthesome. 
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Strand  synthesis  by  serving  as  a  molecular  hinge  between  DNA  polymerases  a  and  6.  Our 
data  support  this  hypothesis  as  we  have  provided  direct  evidence  for  a  close  association 
between  DNA  polymerases  a,  8  and  RF-C  within  the  breast  cell  DNA  synthesome 
(Figure  8).  Additionally,  PCNA  may  participate  in  the  coordination  of  leading  and 
lagging  strand  synthesis  by  the  DNA  synthesome,  as  it  was  found  to  tightly  associate 
with  DNA  polymerases  a,  8  and  RF-C  (Figure  8).  Such  a  role  for  PCNA  in  DNA 
replication  is  supported  by  studies  demonstrating  that  only  early  replicative  lagging 
strand  products  are  synthesized  in  vitro  in  the  absence  of  the  protein  (39).  Furthermore, 
as  DNA  polymerase  8  represents  a  core  component  of  the  breast  cell  DNA  synthesome 
and  closely  associates  with  PCNA  in  the  complex,  it  may  play  a  role  in  breast  cancer  cell 
DNA  replication.  Further  work  must  be  performed  in  order  to  determine  the  exact 
function  of  polymerase  s  within  the  breast  cell  DNA  synthesome.  However,  it  has  been 
proposed  that  the  protein  may  mediate  the  conversion  of  DNA  primers  into  Okazaki 
pieces  (40)  or  act  as  a  molecular  sensor  of  DNA  damage  in  eukaryotic  cells  (41). 

We  are  currently  conducting  experiments  to  determine  the  protein  members  with 
which  DNA  ligase  I  as  well  as  DNA  topoisomerases  I  and  n  associate  in  the  DNA 
synthesome.  We  believe  that  the  complete  characterization  of  the  DNA  synthesome  will 
advance  our  understanding  of  the  mechanisms  and  regulation  of  human  breast  cancer  cell 
DNA  replication.  The  observation  that  PARP  modulates  the  in  vitro  replication  activity 
of  the  DNA  synthesome  (36)  and  physically  associates  with  DNA  polymerase  a  in  the 
complex  (32),  as  demonstrated  in  this  report,  strongly  suggests  that  PARP  may  serve  to 
regulate  replication  initiation  events  mediated  by  the  breast  cell  DNA  synthesome. 
Determining  the  precise  mechanism(s)  by  which  PARP  regulates  the  activity  of  the  DNA 
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synthesome  may  facilitate  the  development  of  new  anti-breast  cancer  agents  capable  of 
specifically  turning  off  the  replication  activity  of  the  complex. 
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ABSTRACT 

We  have  previously  described  the  isolation  and  characterization  of  an  intact 
multiprotein  complex  for  DNA  replication,  designated  the  DNA  synthesome,  from  human 
breast  cancer  (MDA  MB-468)  cells  and  biopsied  human  breast  tumor  tissue.  In  the 
presence  of  the  viral  large  T-antigen,  the  breast  cell  DNA  synthesome  fully  supports  the 
replication  of  simian  virus  40  (SV40)  origin-containing  DNA  in  vitro.  Moreover,  as  shown 
in  this  report,  the  daughter  DNA  molecules  produced  by  the  breast  cell  DNA  synthesome 
consist  of  monomeric,  closed  circular  form  I  DNAs  as  well  as  topological  and  replicative 
intermediates  that  are  resistant  to  digestion  by  DpnV,  which  is  consistent  with  the  criteria 
for  semi-conservative  replication.  As  the  DNA  synthesome  represents  the  intact  breast 
cell's  DNA  replication  machinery,  it  may  serve  as  a  novel  model  for  examining  the 
mechanisms  of  action  of  anti-breast  cancer  agents  that  target  the  DNA  synthetic  process. 
In  this  report,  we  present  for  the  first  time  data  that  indicate  the  breast  cell  DNA 
synthesome  serves  as  a  powerful  model  for  studying  the  actions  of  irinotecan  (CPT-11) 
and  etoposide  (VP-16)-two  anti-breast  cancer  agents  that  selectively  target 
topoisomerases  I  and  II,  respectively.  We  found  a  close  correlation  between  the  IC50 
values  for  the  inhibition  of  intact  cell  and  DNA  synthesome-mediated  in  vitro  DNA 
replication  by  CPT-1 1  (SN-38)  (1.5  pM  and  0.2  pM,  respectively)  and  VP-16  (2  pM  and 
0.5  pM,  respectively).  Additionally,  we  found  that  similar  concentrations  of  SN-38  and 
VP- 16,  0.5  pM  each,  inhibit  topoisomerase  I  and  II  enzymatic  activities  by  50%  as  well  as 
produce  significant  levels  of  cleavable  complexes.  Consistent  with  these  findings,  alkaline 
agarose  gel  electrophoretic  analysis  of  the  DNA  molecules  synthesized  in  vitro  by  the 
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DNA  synthesome  in  the  presence  of  SN-38  or  VP-16  (0.2  pM  and  0.5  pM,  respectively) 
indicates  that  both  agents  cause  an  extensive  accumulation  of  short  daughter  DNA 
molecules.  Ultimately,  utilization  of  the  breast  cell  DNA  synthesome  as  a  model  for 
studying  the  mechanisms  of  action  of  SN-38  and  VP- 16  may  provide  clearer  insight  into 
their  modes  of  action  and  aid  the  development  of  improved  analogues  of  these  agents  for 


breast  cancer  treatment. 
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INTRODUCTION 

Breast  cancer  is  the  most  commonly  diagnosed  cancer  among  women  in  the  United 
States  [1].  Although  the  incidence  of  breast  cancer  continues  to  rise  annually,  it  is 
promising  that  both  primary  and  adjuvant  therapy  of  the  disease  improve  survival  in  pre 
and  post-menopausal  patients  [2-5],  Many  of  the  anticancer  agents  that  demonstrate 
efficacy  in  the  treatment  of  breast  neoplasms  work  during  active  cell  division  to  modulate 
the  processes  of  DNA  synthesis,  transcription  or  mitotic  tubule  spindle  formation  [6],  For 
example,  CPT-11  (active  metabolite:  SN-38)  and  VP-16  are  potent  inhibitors  of  DNA 
replication  that  have  shown  significant  activity  against  breast  cancer  in  clinical  trials  and 
are  currently  being  utilized  in  multi-drug  chemotherapy  regimens  against  the  disease  [7-9], 

Specifically,  CPT-11  and  VP- 16  inhibit  breast  cancer  cell  DNA  replication  by 
trapping  DNA  topoisomerases  I  and  II,  respectively,  in  ternary  (drug-enzyme-DNA) 
cleavable  complexes  [10-14],  In  this  state,  neither  DNA  topoisomerase  I  nor  n  can 
perform  its  DNA  nicking-resealing  function  necessary  for  the  relaxation  of  topological 
constraints  on  DNA.  It  has  been  postulated  that  the  interaction  of  CPT-11 -stabilized 
topoisomerase  I  DNA  cleavable  complexes  with  advancing  replication  forks  during  the 
initiation  and  elongation  stages  of  DNA  synthesis  leads  to  irreparable  DNA  damage  and 
cytotoxicity  [13,15,16],  However,  the  mechanisms  by  which  the  production  of  VP- 16- 
stabilized  topoisomerase  n  DNA  cleavable  complexes  induce  cell  death  remain  unclear. 

A  few  experimental  methods  have  been  utilized  to  a  great  extent  to  assess  the 
mechanisms  of  action  of  anti-cancer  agents  that  directly  target  DNA  synthesis.  These 
approaches  include  examining  the  effects  of  anti-cancer  agents  on  SV40  DNA  replication 
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in  vitro  reconstituted  with  purified  proteins  or  mediated  by  crude  cell  extracts  as  well  as 
studying  the  interactions  of  the  agents  with  their  purified  target  DNA  replication  proteins 
[15,17-20],  Although  the  use  of  these  approaches  has  provided  important  insights  into  the 
mechanisms  of  action  of  several  anti-breast  cancer  agents,  each  method  possesses  serious 
limitations.  First,  not  all  of  the  proteins  participating  in  DNA  synthesis  have  been 
discovered;  so,  in  vitro  SV40  DNA  replication  systems  reconstituted  with  purified 
proteins  may  lack  important  components  of  the  cellular  DNA  replication  machinery. 
Second,  the  use  of  in  vitro  SV40  DNA  replication  mediated  by  crude  cell  extracts  as  a 
drug  model  does  not  permit  the  assessment  of  drug  action  in  the  absence  of  other 
enzymatic  processes  that  may  secondarily  affect  DNA  synthesis.  Third,  the  interaction  of 
an  anticancer  agent  with  its  target  protein  may  be  quite  different  when  the  protein 
associates  with  other  components  of  the  DNA  replication  machinery  as  opposed  to  when 
it  acts  alone  in  the  presence  of  drug.  These  methodological  limitations  are  underscored  by 
reports  of  significant  discrepancies  between  the  concentrations  of  agents  required  to 
inhibit  in  vitro  SV40  DNA  replication  activity  or  purified  target  protein  function  versus 
intact  cell  DNA  synthesis  [21-23].  Indeed,  the  use  of  a  model  which  represents  the  DNA 
replication  machinery  of  intact  breast  cells  would  greatly  facilitate  the  study  of  the 
mechanisms  of  action  of  many  anti-breast  cancer  agents. 

We  have  previously  described  the  isolation  and  characterization  of  a  multiprotein 
complex  for  DNA  synthesis,  designated  the  DNA  synthesome,  fi'om  several  human  cell 
lines  [24-28],  including  human  breast  cancer  (MDA  MB-468)  cells  as  well  as  from 
biopsied  human  breast  tumor  tissue  [29],  The  proteins  and  enzymes  found  to  copurify  with 
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the  DNA  synthesome  include:  DNA  polymerases  a,  6,  and  s,  DNA  primase,  PCNA,  RF- 
C,  RP-A,  DNA  helicases  I  and  IV,  DNA  ligase  I,  PARP  and  DNA  topoisomerases  I  and  II 
[24-29],  We  have  shown  that  the  integrity  of  the  DNA  synthesome  is  maintained  after  its 
treatment  with  salt,  detergent,  RNase,  DNase,  anion-exchange  chromatography, 
sedimentation  through  glycerol  or  sucrose  gradients  and  electrophoresis  through  native 
polyacrylamide  gels  [24-30],  Additionally,  we  have  recently  reported  that  several  of  the 
core  components  of  the  DNA  synthesome  are  co-precipitated  by  antibodies  directed 
against  DNA  polymerases  a,  6  and  PCNA  [31],  Overall,  these  results  indicate  that  the 
DNA  synthesome  represents  a  complex  of  tightly  associated  rephcation  proteins  and  that 
the  interactions  of  the  protein  components  with  one  another  is  independent  of  non-specific 
interactions  with  other  cellular  macromolecules. 

Most  importantly,  in  the  presence  of  the  viral  large  T-antigen  and  SV40  origin 
sequences,  the  DNA  synthesome  fully  supports  semi-conservative  SV40  DNA  rephcation 
in  vitro  [32],  The  requirements  for  DNA  synthesome  mediated  replication  in  vitro  are 
comparable  to  those  observed  for  cells  permissive  for  SV40  infection  [33],  strongly 
suggesting  that  the  DNA  synthesome  represents  the  intact  cell’s  DNA  replication 
machinery.  As  such,  the  breast  cell  DNA  synthesome  may  serve  as  a  novel  model  for 
examining  the  mechanisms  of  action  of  anti-breast  cancer  agents  that  directly  target  DNA 
synthesis. 

In  this  report,  we  provide  evidence  that  the  breast  cell  DNA  synthesome  represents 
a  novel  model  for  examining  the  mechanisms  of  action  of  SN-38  and  VP-16.  Ultimately,  a 
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clearer  understanding  of  the  modes  of  action  of  SN-38  and  VP- 16  may  facilitate  the 
development  of  improved  analogues  of  these  agents  for  breast  cancer  treatment. 
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MATERIALS  AND  METHODS 

Materials.  CPT  and  VP-16  were  purchased  from  Sigma  Chemical  Co.  (St.  Louis,  MO). 
CPT-11  and  its  active  metabolite,  SN-38,  were  kindly  supplied  by  Dr.  John  Wilkes  of 
Pharmacia/UpJohn  (Kalamazoo,  MI).  All  drugs  were  dissolved  in  DMSO  at  stock 
concentrations  of  5.0  mM  and  stored  at  -20°C. 

Purified  DNA  topoisomerases  I  (2  units/|4.1)  and  II  (2  units/|xl)  were  purchased 
from  TopoGen,  Inc.  (Columbus,  Ohio).  One  unit  of  topoisomerase  I  relaxes  250  ng 
supercoiled  DNA  in  30  minutes  at  37°C;  while,  one  unit  of  topoisomerase  II  decatenates 
200  ng  Crithidia  fasciculata  K  DNA  networks  in  30  minutes  at  37°C. 

a[^¥]dCTP  and  a[^¥]dATP  (3000  Ci/mmol;  370  MBq/ml;  10  mCi/ml)  as  well  as 
[^H]-thymidine  (90  Ci/mmol;  37  MBq/ml;  2.5  mCi/ml)  were  obtained  from  DuPont  New 
England  Nuclear  (Boston,  MA). 

Methods 

Cell  Culture.  Suspension  cultures  of  MDA  MB-468  human  breast  carcinoma  cells  were 
adapted  from  monolayer  cultures.  The  cells  were  grown  in  Joklik's  modified  Eagle's 
medium  supplemented  with  5%  each  of  new-born  calf  serum  and  FBS.  Exponentially 
growing  cells  (5x10^  cells/ml  of  medium)  were  harvested  and  washed  three  times  with 
PBS:  20  mM  Na2HP04,  0.15  mM  NaCl,  2.7  mM  KCl,  1.5  mM  KH2PO4.  The  cells  were 
then  pelleted  by  low-speed  centrifugation  (1000  rpm,  5  minutes,  4°C),  and  the  cell  pellets 
stored  at  -80°C  until  fractionation. 
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Isolation  and  purification  of  the  DNA  synthesome  from  MDA  MB-468  breast  cancer 
cells.  MDA  MB-468  breast  cancer  cells  (15  g)  were  homogenized  and  the  breast  cell 
DNA  synthesome  was  purified  as  described  in  our  previously  published  procedures  [29], 
The  protein  fraction  designated  the  Q-Sepharose  (Pharmacia,  Piscataway,  NJ)  peak  (0.9 
pg/pl),  which  contains  the  replication-competent  DNA  synthesome,  was  used  in  the 
experiments  described  in  this  report. 

Measurement  of  intact  MDA  MB-468  cell  DNA  synthesis.  Exponentially  growing 
MDA  MB-468  breast  cancer  cells  (5x1 per  dish)  were  incubated  for  1  hr  at  37“C  with 
[^H]-thymidine  (1  pCi/ml  tissue  culture  media)  and  exposed  to  either  CPT-11,  CPT  or 
VP-16  freshly  prepared  in  DMSO.  Controls  in  which  cells  were  exposed  to  DMSO  alone 
were  also  performed.  Following  the  1  hr  incubation,  cells  were  washed  once  with  warm 
tissue-culture  media  then  three  times  with  cold  PBS.  The  cells  were  then  lysed  and  the 
amount  of  radiolabel  incorporated  into  DNA  was  determined  by  the  isolation  and  counting 
of  acid-insoluble  material  [34]. 

In  vitro  SV40  DNA  replication  assay.  Assay  reaction  mixtures  (12.5  pi)  contained  80 
mM  Tris-HCl,  pH  7.5;  7  mM  MgCb;  1  mM  DTT;  5-10  pg  Q-Sepharose  peak;  0.5-1.0  pg 
purified  SV40  large  T-antigen;  25  ng  plasmid  pSVO^  containing  an  insert  of  SV40 
replication-origin  DNA  sequences  [35];  100  pM  each  dTTP,  dATP,  dGTP;  200  pM  each 
rCTP,  rGTP,  rUTP;  4mM  ATP;  50  pM  apP]-dCTP;  40  mM  creatine  phosphate;  Ipg 
creatine  phosphokinase.  The  standard  reaction,  conducted  in  the  absence  or  presence  of 
SN-38,  CPT  or  VP- 16,  was  incubated  for  2  hr  at  37°C.  Replication  assay  products  were 
processed  using  DE81  filter  binding  to  determine  the  amount  of  radiolabel  incorporated 
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into  acid  insoluble  material  [35],  One  unit  of  SV40  replication  activity  is  equivalent  to  the 
incorporation  of  1  pmol  dCMP  into  newly  synthesized  DNA  per  Ih  under  the  standard 
assay  conditions.  For  neutral  and  alkaline  agarose  gel  electrophoretic  analyses,  DNA 
replication  assays  (25  pi)  were  performed  for  1  hr  and  the  DNA  products  were  processed 
as  described  in  a  later  section  of  these  Materials  and  Methods. 

DNA  topoisomerase  I  assay.  DNA  synthesome-associated  topoisomerase  I  activity  was 
measured  by  incubating  150  ng  supercoiled  pSVO^  DNA  with  8  pg  Q-Sepharose  peak  in  a 
buffer  containing:  10  mM  Tris-HCl  (pH  7.9);  1  mM  EDTA;  0.15  M  NaCl;  0.1%  BSA;  0.1 
mM  spermidine  and  5%  glycerol.  To  examine  the  effects  of  SN-38  on  DNA  synthesome- 
associated  topoisomerase  I  activity,  reactions  were  also  performed  in  the  presence  of  this 
agent.  Reactions  were  incubated  for  15  minutes  at  37°C.  Each  reaction  (20  pi)  was 
stopped  by  the  addition  of  2  pi  10%  SDS.  The  DNA  products  were  then  resolved  at  40 
volts  on  a  1.0  %  agarose  gel  containing  TAE  buffer  (40  mM  Tris-acetate,  2  mM  EDTA). 
After  ethidium  bromide  (1  pg/ml)  staining  of  the  gel  [35],  topoisomers  were  visualized  by 
illuminating  the  gel  with  an  ultraviolet  light  source.  To  assess  the  percent  inhibition  of 
synthesome-associated  topoisomerase  I  activity  by  SN-38,  the  relative  densities  of  form  I 
supercoiled  DNA  contained  in  lanes  1-5  (Figure  1)  were  quantitated  with  a  Molecular 
Dynamics  Personal  Densitometer  SI  and  compared  to  the  density  of  supercoiled  DNA 
contained  in  lane  6  (Figure  1). 

DNA  topoisomerase  H  assay.  DNA  synthesome-associated  topoisomerase  11  activity 
was  measured  by  incubating  260  ng  of  Crithidia  fasciculata  K  DNA  networks  with  8  pg 
Q-Sepharose  peak  in  a  buffer  containing:  50  mM  Tris-HCl  (pH  8.0);  120  mM  KCl;  10 
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mM  MgCU;  0.5  mM  ATP;  0.5  mM  DTT;  30  [Xg/ml  BSA.  To  examine  the  effects  of  VP-16 
on  DNA  synthesome-associated  topoisomerase  II  activity,  reactions  were  also  performed 
in  the  presence  of  the  agent.  Reactions  were  incubated  for  30  minutes  at  37°C.  Each 
reaction  (20  |xl)  was  stopped  by  adding  EDTA  to  a  final  concentration  of  25  mM;  protein 
was  then  digested  with  50  ng/pl  of  proteinase  K  for  an  additional  15  minutes  at  37°C. 
After  the  addition  of  gel  loading  buffer  and  the  extraction  of  DNA  with 
chloroform/isoamyl  alcohol,  the  DNA  products  were  resolved  at  80  volts  on  a  1%  agarose 
gel  containing  TBE  buffer  (50  mM  Tris-borate;  1  mM  EDTA)  and  ethidium  bromide  (0.5 
pg/ml).  The  DNA  was  visualized  by  illuminating  the  gel  with  an  ultraviolet  light  source. 
To  assess  the  percent  inhibition  of  topoisomerase  11  activity  by  VP- 16,  the  relative 
densities  of  the  decatenated,  monomeric  DNAs  contained  in  lanes  2-6  (Figure  2)  were 
quantitated  with  a  Molecular  Dynamics  Personal  Densitometer  SI  and  compared  to  the 
density  of  decatenated  DNA  contained  in  lane  1  (Figure  2). 

Quantitation  of  the  amount  of  topoisomerases  I  and  n  present  in  the  Q-Sepharose 
peak.  One  unit  of  DNA  topoisomerase  I  activity  is  sufficient  to  convert  fully  250  ng 
supercoiled,  form  I  DNA  into  open-circle,  form  11  DNA  in  30  minutes  at  37°C.  The 
minimal  amount  of  DNA  synthesome-associated  topoisomerase  I  necessary  to  convert 
fully  250  ng  supercoiled,  form  I  DNA  to  open-circular,  form  II  DNA  was  determined  by 
performing  topoisomerase  I  assays  with  dilutions  of  the  Q-Sepharose  peak  (data  not 
shown).  Using  this  approach,  we  estimated  that  8  pi  (8  pg)  of  the  Q-Sepharose  peak 
contains  one  unit  of  DNA  topoisomerase  I  activity.  The  amount  of  DNA  topoisomerase  n 
present  in  the  Q-Sepharose  peak  was  determined  by  the  method  described  above  (data  not 
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shown),  where  one  unit  of  topoisomerase  II  activity  is  sufficient  to  decatenate  200  ng  K 
DNA  networks  in  30  minutes  at  37°C.  We  estimated  that  8  pi  of  the  Q-Sepharose  peak 
contains  one  unit  of  DNA  topoisomerase  n  activity. 

3'  end-labeling  of  pSVO^  plasmid  DNA.  10  pg  pSVO^  plasmid  DNA  was  incubated 
with  20  units  EcoRI  restriction  endonuclease  (New  England  BioLabs,  Boston,  MA)  in  IX 
EcoRI  buffer  overnight  at  37°C.  The  cut  DNA  (10  pg)  was  incubated  with  5  units  Klenow 
fragment  (Stratagene,  LaJolla,  CA)  in  the  presence  of  5  mM  each  dATP  and  TTP  and  80 
pCi  a[^^P]dATP  for  1  hr  at  37°C.  Reactions  were  stopped  by  adding  EDTA  to  a  final 
concentration  of  25  mM;  the  reactions  were  then  diluted  to  70  pi  with  STE  buffer 
containing:  0.1  M  NaCl;  10  mM  Tris-HCl  (pH  8.0);  and  1  mM  EDTA.  Unincorporated 
deoxynucleoside  triphosphates  were  removed  by  chromatography  through  a  P60  gel 
filtration  column  [34]. 

SDS  precipitation  of  DNA  synthesome-associated  topoisomerase  I  and  n  cleavable 
complexes.  Cleavage  of  DNA  by  topoisomerases  I  and  II  was  performed  as  follows. 
Briefly,  10  pg  Q-Sepharose  peak  was  incubated  with  220  ng  3'  end-labeled  pSVO"^  DNA 
in  topoisomerase  I  or  II  reaction  buffer.  Assays  were  conducted  in  the  absence  or  presence 
of  either  SN-38  or  VP-16.  Reactions  (30  pi)  were  incubated  for  30  minutes  at  37°C  then 
stopped  by  the  addition  of  3  pi  10%  SDS  and  250  pi  buffer  A1  (TopoGen  Inc.,  Columbus, 
OH)  containing:  10  mM  Tris-HCl  (pH  7.5);  20  pg/ml  BSA;  20  pg/ml  calf  thymus  DNA 
and  1%  SDS.  Double-stranded  topoisomerase-DNA  cleavable  complexes  were 
precipitated  by  KCl  (added  to  a  final  concentration  of  0.2  M)  followed  by  incubation  on 
ice  for  15  minutes.  The  precipitated  topoisomerase-DNA  cleavable  complexes  were 
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isolated  by  filtration  onto  glass  fiber  filters,  and  processed  according  to  the  manufacturer's 
guidelines  (TopoGen  Inc.,  Columbus,  OH). 

Neutral  and  alkaline  gel  electrophoretic  analyses  of  the  DNA  products  synthesized 

by  the  DNA  synthesome.  In  vitro  DNA  replication  assays  were  performed  in  the 
presence  of  either  CPT,  SN-38  or  VP- 16  at  their  IC50  concentrations  for  the  inhibition  of 
synthesome  mediated  DNA  synthesis.  For  both  neutral  and  alkaline  agarose  gel 
electrophoretic  analyses  of  DNA  products,  the  DNA  replication  reactions  (25  pi)  were 
terminated  by  the  addition  of  EDTA  to  a  final  concentration  of  25  mM,  SDS  to  a  final 
concentration  of  1%  and  50  pg  yeast  tRNA  as  a  carrier.  Next,  the  protein  contained  in  the 
DNA  replication  reactions  was  digested  with  50  ng/pl  proteinase  K  for  1  hr  at  37°C.  The 
DNA  products  were  then  extracted  with  an  equal  volume  of  phenol/chloroform/isoamyl 
alcohol  (24:25:1),  followed  by  chloroform/isoamyl  alcohol  (24:1).  The  DNA  products 
were  precipitated  by  2.0  M  ammonium  acetate  and  100%  ethanol,  then  washed  three  times 
with  70%  ethanol.  For  neutral  agarose  gel  electrophoresis,  the  DNA  pellets  were 
resuspended  in  20  pi  TE  buffer:  10  mM  Tris  (pH  7.4)  and  0.1  mM  EDTA  (pH  8.0).  After 
the  addition  of  gel  loading  buffer,  the  DNA  products  were  loaded  onto  a  1.2%  agarose  gel 
containing  TBE  buffer  and  resolved  overnight  at  30  volts.  For  analysis  of  denatured  DNA 
products,  the  DNA  pellets  were  resuspended  in  15  pi  of  a  buffer  containing  50  mN  NaOH 
and  1  mM  EDTA.  After  the  addition  of  alkaline  gel  loading  buffer,  the  DNA  products 
were  loaded  onto  a  1%  alkaline  agarose  gel  containing  50  mN  NaOH  and  1  mM  EDTA 
and  resolved  overnight  at  30  volts.  Following  electrophoresis,  the  resolved  DNA  products 
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were  fixed  with  7%  TCA.  Both  the  neutral  and  alkaline  agarose  gels  were  dried  under 
vacuum  and  exposed  to  Kodak  XAR-5  film  at  -80°C. 
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RESULTS 

Inhibition  of  intact  cell  and  DNA-synthesome  mediated  in  vitro  DMA  replication  by 
CPT-11  (SN-38)  and  VP-16 

To  demonstrate  that  CPT-11,  its  parent  compound,  CPT,  and  VP- 16  are  potent 
inhibitors  of  cellular  DNA  replication,  we  measured  the  level  of  DNA  synthesis  in  intact 
MDA  MB-468  breast  cancer  cells  exposed  to  increasing  concentrations  of  these  agents. 
Briefly,  exponentially  growing  MDA  MB-468  breast  cancer  cells  were  exposed  for  1  hr  to 
logarithmically  increasing  concentrations  of  either  CPT-1 1,  CPT  or  VP- 16  in  the  presence 
of  [^H]-thymidine.  Afterward,  cellular  DNA  replication  activity  was  determined  by 
quantitating  the  amount  of  [^H]-TMP  incorporated  into  acid-insoluble  material  (Materials 
and  Methods).  The  exposure  of  breast  cancer  cells  to  increasing  concentrations  of  either 
CPT-1 1,  CPT  or  VP-16  resulted  in  a  dose-dependent  decrease  in  [^H]-TMP  incorporation 
into  cellular  DNA  (data  not  shown).  DNA  replication  activity  was  inhibited  50%  by  1.5 
pM  CPT-11  or  0.05  pM  CPT.  These  results  are  consistent  with  previously  published 
results  regarding  the  effects  of  CPT-11  and  CPT  on  intact  mouse  leukemia  (P388)  cell 
DNA  synthesis  [36].  Also,  we  found  that  2  pM  VP- 16  inhibits  intact  MDA  MB-468  cell 
DNA  synthesis  by  50%  (Table  1);  which  is  consistent  with  findings  reported  by  Tadou  et 
al.  regarding  the  inhibitory  effects  of  VP- 16  on  intact  mouse  splenocyte  DNA  replication 
[37]. 

To  determine  whether  SN-38,  the  active  metabolite  of  CPT-11,  and  VP-16  inhibit 
DNA  synthesome-mediated  in  vitro  DNA  synthesis,  we  performed  in  vitro  DNA 
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Table  1.  IC50  values  for  the  inhibition  of  intact  MDA  MB-468  cell  DNA  synthesis 
and  DNA  replication  in  vitro  by  SN-SS,  CPT  and  VP-16. 


Anticancer  Agent 

Intact  Cell  DNA  Synthesis* 

DNA  Synthesis  In  Vitro* 

CPT-ll/SN-38 

1.5  fiM  (R=0.96) 

0.25  jiM  (R=0.96) 

CPT 

0.05  nM  (R=0.9) 

0.5  jiM  (R=0.95) 

VP-16 

2.0  nM  (R=0.9) 

0.5  nM  (R=0.95) 

Experiments  to  measure  MDA  MB-468  intact  cell  DNA  synthesis  were  performed  in  the  presence  of 
increasing  concentrations  of  SN-38,  CPT  or  VP-16  (0.05-500  pM).  Standard  curves  for  the  inhibition  of 
DNA  synthesis  by  these  agents  were  generated  and  used  to  determine  IC50  values.  Each  point  on  the 
curves  had  a  minimum  n  of  2. 

*In  Vitro  DNA  replication  assays  were  performed  in  the  presence  of  SN-38  or  VP-16  (0.05-500  )liM). 
Standard  curves  for  the  inhibition  of  in  vitro  DNA  synthesis  by  SN-38  or  VP-16  were  generated  and  used 
to  determine  IC50  values.  Each  point  on  the  curves  had  a  minimum  n  of  2, 
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replication  assays  (Materials  and  Methods)  in  the  presence  of  increasing  concentrations  of 
these  agents.  Additionally,  as  a  control,  we  performed  in  vitro  DNA  replication  assays  in 
the  presence  of  increasing  concentrations  of  CPT,  as  we  have  previously  demonstrated 
that  this  agent  strongly  inhibits  DNA  synthesis  mediated  by  the  HeLa  cell  synthesome 
[38].  We  found  that  0.2  pM  SN-38  and  0.5  pM  CPT  inhibit  the  incorporation  of  [^^P]- 
dCMP  into  newly  synthesized  DNA  by  50%  (Table  1).  In  addition,  we  found  that  0.5  pM 
VP-16  inhibits  in  vitro  DNA  synthesis  by  50%  (Table  1).  These  IC50  values  for  in  vitro 
DNA  replication  mediated  by  the  DNA  synthesome  correlate  closely  with  those 
concentrations  of  CPT-11,  CPT  and  VP-16  inhibiting  MDA  MB-468  intact  cell  DNA 
synthesis  by  50%.  Overall,  these  results  are  consistent  with  the  hypothesis  that  the  DNA 
synthesome  represents  the  intact  breast  cell's  DNA  replication  machinery. 

Effects  of  SN-38  and  VP-16  on  DNA  synthesome-associated  topoisomerase  I  and  II 
activities 

Topoisomerase  I  relaxes  positively  supercoiled  DNA  by  introducing  a  transient 
single-strand  nick  into  the  DNA  phosphodiester  backbone,  facilitating  strand  passage.  We 
performed  topoisomerase  I  assays  to  demonstrate  that  the  topoisomerase  I  activity  present 
in  the  DNA  synthesome  is  folly  able  to  produce  the  hallmark  ladder  of  DNA  intermediates 
while  converting  a  form  I  supercoiled  plasmid  DNA  to  a  relaxed,  open-circular  form  n 
DNA.  As  shown  in  Figure  1  (lanes  7  and  8),  the  pattern  of  topoisomers  produced  by  the 
DNA  synthesome-associated  topoisomerase  I  is  indistinguishable  from  that  generated  by 
the  purified  enzyme.  Furthermore,  we  estimated  that  the  level  of  topoisomerase  I  present 
in  the  Q-Sepharose  peak  is  approximately  1  unit/8  pg  of  synthesome  protein  (Materials 
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Figure  1*  Inhibition  of  DNA  synthesome-associated  topoisomerase  I  activity  by  SN-38.  The  Q- 
Sepharose  peak  (8  |xg)  was  incubated  with  150  ng  of  supercoiled  pSVO^  DNA  for  30  minutes  at  37°C  in 
the  presence  of  increasing  concentrations  of  SN-38  (0.05,  0.5,  5,  50,  500  \iM)  dissolved  in  DMSO. 
Reactions  containing  DMSO  alone  served  as  positive  controls  (lane  7).  The  reactions  (20  p-l)  were  stopped 
by  the  addition  of  SDS  to  a  final  concentration  of  1%;  and  the  protein  was  digested  with  proteinase  K  (50 
ng/^1)  for  fifteen  minutes  at  37°C.  Afterward,  the  DNA  topoisomers  were  resolved  by  electrophoresis  (45 
volts)  through  a  1%  agarose  gel  containing  TAB  buffer  (Materials  and  Methods).  Following 
electrophoresis,  the  gel  was  stained  with  ethidium  bromide  (0.5  fig/ml)  and  the  topoisomers  were 
visualized  hy  illuminating  the  gel  with  an  ultraviolet  light  source.  Lane  6  shows  the  position  of 
supercoiled  pSVO^  DNA.  Lanes  7  and  8  show  the  conversion  of  supercoiled,  form  I  DNA  into  relaxed, 
open-circular  form  II  DNA  by  the  DNA  synthesome-associated  and  purified  topoisomerase  I  enzymes, 
respectively.  Lanes  1-5  show  the  concentration  dependent  inhibition  of  DNA  synthesome-associated 
topoisomerase  I  activity  by  SN-38  (0.05-500  pM,  respectively). 
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and  Methods).  We  performed  topoisomerase  I  assays  in  the  presence  of  increasing 
concentrations  of  SN-38  to  examine  the  effects  of  the  agent  on  DNA  synthesome- 
associated  topoisomerase  I  activity  (Materials  and  Methods).  In  this  assay,  the  inhibition 
of  topoisomerase  I  activity  by  SN-38  prevents  the  full  conversion  of  form  I  supercoiled 
plasmid  DNA  to  open  circle  form  II  DNA.  We  observed  an  extensive  level  of  inhibition  of 
the  DNA  synthesome-associated  topoisomerase  I  activity  by  as  little  as  0.5  pM  SN-38 
(Figure  1,  lane  2).  By  comparing  the  relative  densities  of  form  I  supercoiled  DNA 
contained  in  lanes  2  and  6,  we  determined  that  0.5  pM  SN-38  inhibits  DNA  s5mthesome- 
associated  topoisomerase  I  activity  just  over  50%  (Materials  and  Methods).  This 
concentration  of  SN-38  is  comparable  to  that  inhibiting  in  vitro  DNA  synthesis  by  50%. 
This  close  correlation  between  IC50  values  supports  the  use  of  the  DNA  synthesome  as  a 
drug  model,  as  SN-38  inhibits  DNA  rephcation  by  selectively  targeting  topoisomerase  I 
activity. 

We  also  performed  topoisomerase  n  assays  to  demonstrate  that  the  DNA 
synthesome  contains  a  fully  functional  topoisomerase  II.  Similar  to  the  purified  enzyme 
(Figure  2,  lane  7),  the  DNA  synthesome-associated  topoisomerase  n  is  folly  able  to 
decatenate  Crithidia  fasciculata  kinetoplast  DNA  (K  DNA)  to  generate  monomeric, 
open-circular  DNAs  in  an  ATP  dependent  reaction  (Figure  2,  lane  1).  Moreover,  we  have 
previously  shown  that  in  reaction  assays  lacking  ATP,  the  DNA  synthesome-associated 
topoisomerase  11  does  not  support  the  decatenation  of  K  DNA  [29].  We  estimated  that  the 
level  of  topoisomerase  11  present  in  the  Q-Sepharose  peak  is  approximately  1  unit/8  pg  of 
synthesome  protein  (Materials  and  Methods). 
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Figure  2.  Inhibition  of  DNA  synthesome-associated  topoisomerase  n  activity  by  VP-16.  The  Q- 
Sepharose  peak  (8  p,g)  was  incubated  with  260  ng  of  K  DNA  for  45  minutes  at  ZTC  in  the  presence  of 
increasing  concentrations  of  VP-16  (0.05,  0.5,  5,  50,  500  pM)  dissolved  in  DMSO.  Reactions  containing 
DMSO  alone  served  as  positive  controls  (lane  1).  The  reactions  were  stopped  by  the  addition  of  2  pi  0.5 
M  EDTA  and  SDS  to  a  final  concentration  of  1%.  After  proteinase  K  digestion  (50  ng/pl)  and  the 
addition  of  gel  loading  buffer  to  the  samples,  the  DNA  products  were  extracted  once  with 
chloroform/isoamyl  alcohol.  The  DNA  products  were  resolved  at  100  volts  on  a  1%  agarose  gel  containing 
TBE  buffer  (Materials  and  Methods)  and  ethidium  bromide  (0.5  pg/ml).  Following  electrophoresis,  the 
DNA  products  were  visualized  by  illuminating  the  gel  with  an  ultraviolet  light  source.  The  positions  of 
decatenated  and  linear  DNAs  are  designated  by  D  and  L,  respectively.  Lanes  1  and  7  show  the  relaxation 
of  K  DNA  to  decatenated  monomers  (D)  by  synthesome-associated  and  purified  topoisomerase  II  enz3Tnes, 
respectively.  Lanes  2-6  show  the  concentration  dependent  inhibition  of  DNA  synthesome-associated 
topoisomerase  11  activity  by  VP-16  (0.05-500  pM). 
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We  next  examined  the  effects  of  increasing  concentrations  of  VP- 16  on  DNA 
synthesome-associated  topoisomerase  II  activity.  At  0.5  pM  VP-16,  the  DNA 
synthesome-associated  topoisomerase  II  was  significantly  inhibited  from  supporting  the 
decatenation  of  K  DNA  networks  to  open-circular,  monomeric  DNA  (Figure  2,  lane  3). 
By  comparing  the  relative  densities  of  the  decatenated,  monomeric  DNAs  between  lanes  1 
and  3,  we  found  that  0.5  pM  VP- 16  inhibited  synthesome-associated  topoisomerase  11 
activity  greater  than  50%  (Materials  and  Methods).  This  result  is  consistent  with  the 
premise  that  VP- 16  inhibits  DNA  synthesis  by  targeting  topoisomerase  11  activity. 

DNA  Topoisomerase  I  and  II  Cleavable  Complex  Stabilization  by  SN-38  and  VP-16 

SN-38  and  VP- 16  interfere  with  the  DNA  breakage-reunion  activities  of 
topoisomerases  I  and  II,  respectively,  by  trapping  the  enzymes  in  reversible  ternary  (drug- 
enzyme-DNA)  cleavable  complexes  [36,39].  In  these  states,  topoisomerases  I  and  n 
remain  covalently  attached  to  the  ends  of  nicked  substrate  DNA,  unable  to  catalyze  the 
religation  of  DNA  strand  breaks  [12].  It  has  been  shown  that  cleavable  complexes  can  be 
precipitated  by  a  strong  protein  denaturant,  like  SDS,  and  high  concentrations  of 
potassium  (K^)  [19,39].  In  this  type  of  assay,  the  addition  of  SDS  and  to  reaction 
tubes  causes  the  precipitation  of  sample  proteins  as  well  as  the  co-precipitation  of  any 
DNA  covalently  bound  to  protein.  Therefore,  utilizing  3'  end-labeled  substrate  DNA,  the 
relative  amount  of  topoisomerase-DNA  cleavable  complexes  stabilized  by  SN-38  and  VP- 
16  can  be  quantified  by  determining  the  amount  of  co-precipitated,  radiolabeled  DNA.  We 
performed  SDS/K^  precipitation  assays  using  the  Q-Sepharose  peak  fi-action  to  determine 
the  relative  amount  of  synthesome-associated  topoisomerase  DNA  cleavable  complexes 
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Stabilized  by  SN-38  and  VP- 16.  We  found  that  at  low  concentrations  of  these  agents  (0.05 
and  0.5  (iM),  significant  levels  of  cleavable  complexes  were  formed  compared  to  control 
reactions  performed  in  the  absence  of  drug  (Figure  3).  The  formation  of  significant  levels 
of  synthesome-associated  topoisomerase  DNA  cleavable  complexes  at  low  concentrations 
of  SN-38  and  VP- 16  is  consistent  with  our  observation  that  0.2  pM  and  0.5  pM  of  these 
agents,  respectively,  inhibit  in  vitro  DNA  replication  activity  by  50%. 

Neutral  and  Alkaline  Agarose  Gel  Electrophoretic  Analyses  of  the  DNA  Products 
Synthesized  by  the  DNA  Synthesome  in  the  Presence  of  SN-38  and  VP-16 

To  examine  more  closely  the  effects  of  SN-38,  as  well  as  CPT,  and  VP-16  on 
DNA  synthesome-mediated  in  vitro  DNA  replication,  we  subjected  the  DNA  products 
synthesized  by  the  complex  in  the  presence  of  these  agents  to  alkaline  agarose  gel 
electrophoresis.  The  DNA  products  synthesized  by  the  synthesome  in  positive  control 
reactions  ranged  in  size  fi'om  less  than  100  nucleotides  to  two  full-length  products  (single- 
stranded  linear  [ssl]  and  single  stranded  circular  [ssc])  (Figure  4,  lane  3).  Moreover, 
resolution  of  these  daughter  DNA  molecules  on  neutral  agarose  gels  demonstrates  that  the 
majority  of  products  consist  of  monomeric  form  I  DNAs  as  well  as  topological  and 
replicative  intermediates  that  are  resistant  to  digestion  by  Dpnl  (Figure  4,  lane  1);  which  is 
consistent  with  the  criteria  for  semi-conservative  DNA  replication  in  vitro.  Additionally, 
DNA  synthesome-mediated  replication  in  vitro  is  large  T-antigen  dependent,  as  no  DNA 
products  were  formed  in  the  absence  of  the  viral  protein  (Figure  4,  lane  2).  In  the  presence 
of  0.2  pM  SN-38,  0.5  pM  CPT  or  0.5  pM  VP- 16,  those  concentrations  determined  to  be 
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Figure  3.  SDS-K^  precipitation  of  SN-38  and  VP-16  stabilized  topoisomerase  DNA  cleavable 
complexes.  Reaction  assays  containing  10  |a.g  Q-Sepharose  peak,  220  ng  3'-end  labeled  pSVO^  DNA  and 
increasing  concentrations  of  either  SN-38  (■)  or  VP-16  (♦)  (0.05-5  nM),  dissolved  in  DMSO,  were 
incubated  for  30  minutes  at  37°C.  Reactions  containing  DMSO  alone  served  as  controls.  The  reactions 
(30  |xl)  were  stopped  the  addition  of  3  |il  10%  SDS  and  250  pi  of  buffer  A1  (Materials  and  Methods). 
Following  their  precipitation  by  KCl,  the  topoisomerase  DNA  covalent  cleavable  complexes  were  isolated 
by  vacuum  filtration  onto  glass  fiber  filters,  and  the  filters  were  washed  and  counted  in  a  liquid 
scintillation  spectrophotometer.  The  curves  shown  are  representative  of  those  obtained  in  these  assays. 
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Figure  4,  panel  1 
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Figure  4,  panel  2 
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Figure  4.  Neutral  and  alkaline  agarose  gel  electrophoretic  analyses  of  the  DNA  products  synthesized 
the  DNA  synthesome  in  the  presence  of  SN-38,  CPT  and  VP-16.  In  vitro  DNA  replication  reactions  (25 
pi)  containing  the  Q-Sepharose  peak  (15  pg),  pSVO^  DNA  (50  ng),  T-antigen  and  either  DMSO  (positive 
control),  0.2  pM  SN-38,  0.5  pM  CPT  or  0.5  pM  VP-16  were  incubated  for  1  hr  at  37°C.  The  newly 
synthesized  daughter  DNA  molecules  were  isolated  and  resolved  by  neutral  or  alkaline  agarose  gel 
electrophoresis  (Materials  and  Methods).  For  neutral  agarose  gel  electrophoresis,  the  position  of  form  1, 
supercoiled  DNA  is  indicated.  Lane  1  shows  that  Dpnl-resistant  form  1,  II  and  III  DNAs  as  well  as 
replicative  and  topological  intermediates  are  produced  by  the  DNA  synthesome  during  in  vitro  replication 
reactions.  Lane  2  shows  that  the  synthesis  of  daughter  DNA  molecules  1^  the  DNA  synthesome  is  T- 
antigen  dependent.  For  alkaline  agarose  gel  electrophoresis,  the  positions  of  double-stranded,  covalently- 
closed  circular  and  full-length,  single-stranded  linear  DNA  are  shown.  Size  markers  for  the  alkaline  gels 
were  derived  from  a  Hind  III  digest  of  lambda  DNA  (New  England  Biolabs,  Boston,  MA)  labeled  with  T4 
DNA  polymerase  standard  methods  (lane  M)  [34].  Lane  3  shows  the  DNA  products  synthesized  in 
vitro  by  the  DNA  synthesome  in  the  presence  of  DMSO  (positive  control);  lanes  4-6  show  the  inhibitory 
effects  of  SN-38,  CPT  and  VP-16,  respectively,  on  DNA  synthesome-mediated  in  vitro  DNA  replication. 
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the  IC50  values  for  synthesome  mediated  DNA  replication  in  vitro,  the  majority  of  the 
DNA  molecules  produced  by  the  DNA  synthesome  ranged  in  size  from  only  100-700 
nucleotides  (Figure  4,  lanes  4-6).  These  results  indicate  that  the  three  agents  strongly 
inhibited  the  elongation  of  nascent  DNAs  by  the  complex 
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DISCUSSION 

In  this  report,  we  have  presented  for  the  first  time  data  that  indicate  the  breast  cell 
DNA  synthesome  represents  a  novel  model  for  stud5ang  the  actions  of  SN-38  and  VP-16. 
We  found  a  close  correlation  between  the  IC50  values  for  the  inhibition  of  intact  cell  and 
DNA  synthesome-mediated  in  vitro  DNA  replication  by  CPT-11,  or  SN-38,  (1.5  and  0.2 
pM,  respectively)  and  VP-16  (2.0  and  0.5  pM,  respectively)  (Table  1).  These  results 
further  support  the  theory  that  the  DNA  synthesome  represents  the  intact  cell's  DNA 
replication  machinery.  We  also  found  that  similar  concentrations  of  SN-38  and  VP-16,  0.5 
pM  each,  inhibit  DNA  synthesome-associated  topoisomerase  I  and  II  activities, 
respectively,  by  50%  (Figure  1,  lane  2;  Figure  2,  lane  3);  which  is  in  agreement  with  the 
premise  that  SN-38  and  VP- 16  impair  nucleic  acid  synthesis  by  selectively  targeting 
topoisomerases  I  and  II.  Furthermore,  it  has  been  shown  that  both  SN-38  and  VP- 16 
inhibit  the  activities  of  topoisomerases  I  and  II  by  stabilizing  cleavable  complexes  that  are 
normally  short-lived  intermediates  in  the  catalytic  cycles  of  the  enzymes  [10-13].  In  accord 
with  their  modes  of  action,  we  found  that  the  same  concentrations  of  SN-38  and  VP- 16 
that  inhibit  DNA  synthesome-associated  topoisomerase  I  and  II  activities  by  50%  (0.5  pM 
each),  as  well  as  inhibit  DNA  synthesome  replication  activity,  also  produce  significant 
levels  of  cleavable  complexes  (Figure  3). 

DNA  topoisomerase  I  functions  during  the  initiation  and  elongation  stages  of  DNA 
synthesis  as  a  swivelase,  relieving  superhelical  stress  in  DNA  caused  by  replication  fork 
progression  [16,38,40].  Although  SN-38  inhibits  the  catalytic  activity  of  topoisomerase  I, 
this  mechanism  of  action  does  not  account  for  the  agent’s  cytotoxicity,  as  topoisomerase 
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II  can  readily  substitute  for  the  enzyme  [37],  Instead,  a  positive  correlation  exists  between 
the  efficacy  of  SN-38  as  an  anti-breast  cancer  agent  and  the  amount  of  long-lived 
cleavable  complexes  produced  by  the  agent  in  treated  cells  [41,42],  It  has  been  postulated 
that  the  interaction  of  advancing  replication  forks  with  drug-stabilized  cleavable 
complexes  ultimately  leads  to  cell  death  by  causing  replication  fork  breakage  and  the 
accumulation  of  irreparable  DNA  double  strand  breaks  [13,16,43],  Several  lines  of 
evidence  support  this  theory.  First,  arresting  the  progression  of  replication  forks  with 
aphidicolin,  an  inhibitor  of  DNA  polymerases  a  and  P,  protects  S-phase  human  leukemia 
(L1210)  cells  from  CPT  cytotoxicity  without  altering  the  cellular  levels  of  cleavable 
complexes  [44],  Second,  Snapka  et  al,  have  reported  that  CPT  adversely  affects  SV40 
DNA  sjmthesis  in  intact  CV-1  cells  by  causing  the  rapid  production  of  Cairns  structures 
with  broken  DNA  replication  forks  [16],  Third,  it  has  been  found  that  exposure  of  intact 
diploid  human  fibroblasts  to  CPT  produces  DNA  strand  breaks  and  inhibits  DNA  chain 
elongation  in  operating  replicons  [45],  Our  observation  that  SN-38  causes  an 
accumulation  of  short  DNA  molecules  in  in  vitro  replication  reactions  mediated  by  the 
DNA  synthesome  is  consistent  with  these  findings  obtained  in  intact  cells.  Our  result  not 
only  lends  further  support  to  the  theory  that  drug  stabilized  topoisomerase  I  DNA 
cleavable  complexes  represent  blocks  to  replication  fork  progression,  but  also  supports  the 
hypothesis  that  the  DNA  synthesome  represents  the  intact  cell’s  DNA  replication 
machinery. 

As  described  for  SN-38,  a  positive  correlation  exists  between  the  anti-cancer 
activity  of  VP- 16  and  the  relative  amount  of  cleavable  complexes  stabilized  by  the  agent 


[41,46],  Evidence  for  this  relationship  stems  from  the  observation  that  wild-type  but  not 
VP- 16  resistant  MCF-7  human  breast  cancer  cells  show  elevated  levels  of  DNA  strand 
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breaks  and  decreased  cell  survival  rates  when  exposed  to  increasing  concentrations  of  the 
agent  [47],  Conversely,  VP-16  resistant  cells  of  the  human  melanoma  line  FVP3  express 
normal  levels  of  a  functional  topoisomerase  II  that  is  resistant  to  VP- 16  stabilization  of 
cleavable  complexes  [48],  The  mechanisms  by  which  the  production  of  VP- 16  stabilized 
cleavable  complexes  leads  to  cell  death  remain  unresolved.  Data  from  several  studies 
indirectly  suggest  that  the  collision  of  moving  replication  forks  with  long-lived  cleavable 
complexes  is  requisite  for  the  cytotoxicity  of  topoisomerase  n  poisons.  For  example, 
cleavable  complex  forming  topoisomerase  II  inhibitors  demonstrate  greater  cytotoxicity 
against  S  phase  cells  as  compared  to  cells  in  the  Gi  or  G2/M  phases  of  the  cell  cycle 
[49,50].  Also,  aphidicolin  pretreatment  of  lung  fibroblasts  synchronized  in  the  S  phase 
protects  the  cells  from  the  lethal  effects  of  topoisomerase  n  poisons  without  affecting  the 
cellular  levels  of  cleavable  complexes  [51].  Recently,  Catapano  et  al.  have  provided  strong 
evidence  for  the  collision  theory  by  demonstrating  that  the  formation  of  VM-26  stabilized 
topoisomerase  II  DNA  cleavable  complexes  within  the  first  exon  of  the  c-myc  gene  arrests 
replication  fork  progression  during  DNA  synthesis  in  human  leukemia  (CEM)  cells  [52]. 
In  the  same  study,  Catapano  et  al.  also  found  that  VM-26  preferentially  inhibits  the 
elongation  of  nascent  DNA  molecules  in  intact  CEM  cells  [52].  Our  observation  that  VP- 
16  causes  an  accumulation  of  short  DNA  products  during  S5mthesome  mediated  in  vitro 
replication  is  consistent  with  these  results,  lending  additional  support  to  the  theory  that 


dnig-stabilized  topoisomerase  II DNA  cleavable  complexes  represent  blocks  to  replication 
fork  progression. 
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Although  our  results  show  a  positive  correlation  between  cleavable  complex 
formation  and  the  inhibitory  effects  of  VP- 16  on  the  replication  activity  of  the  DNA 
synthesome,  it  is  possible  that  VP- 16  impairs  DNA  synthesis  and  causes  cell  death  by 
selectively  targeting  topoisomerase  II  catalytie  activity.  However,  if  this  were  true  we 
would  expect  VP- 16  to  have  blocked  only  the  decatenation  of  mature  daughter  DNA 
molecules  during  the  late  stages  of  DNA  synthesis  mediated  by  the  synthesome.  In 
contrast,  we  observed  that  VP- 16  caused  an  extensive  accumulation  of  short  DNA 
products  during  S5mthesome  mediated  replication  in  vitro.  Nonetheless,  we  are  currently 
performing  experiments  to  examine  the  effects  of  pure  topoisomerase  n  catalytic  inhibitors 
on  DNA  synthesome  replication  activity. 

Replication  fork  arrest  by  topoisomerase  poisons  may  occur  via  several  different 
mechanisms.  For  example,  as  both  topoisomerases  I  and  II  are  components  of  a 
multiprotein  complex  for  DNA  synthesis  [24-31],  formation  of  drug-stabilized 
topoisomerase  DNA  complexes  may  freeze  the  entire  replication  apparatus  on  template 
DNA,  thereby  impeding  replication  fork  progression.  Also,  topoisomerase  n  concealed 
DNA  cleavages  formed  in  the  presence  of  topoisomerase  II  poisons  may  be  converted  into 
DNA  strand  breaks  by  the  action  of  a  DNA  helicase,  as  has  been  reported  by  others 
[52,53].  The  resulting  DNA  strand  breaks  may  halt  DNA  synthesis  by  causing  the  cellular 
replication  machinery  to  run-off  template  DNA.  In  support  of  this  claim,  it  has  been  shown 
that  cleavage  of  substrate  DNA  by  restriction  endonucleases  causes  the  replication 
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apparatus  to  run  off  template  DNA  in  in  vitro  run-off  replication  reactions  [54],  The  DNA 
synthesome  may  serve  as  a  useful  model  to  study  these  potential  consequences  of 
cleavable  complex  formation. 


In  summary,  our  observation  that  SN-38  and  VP- 16  cause  an  accumulation  of 
short  DNA  products  during  synthesome  mediated  in  vitro  DNA  synthesis  is  consistent 
with  the  theory  that  long-lived  topoisomerase  DNA  cleavable  complexes  represent  blocks 
to  replication  fork  progression.  Furthermore,  the  latter  result  is  especially  significant,  as 
the  inhibition  of  the  elongation  of  daughter  DNA  molecules  by  VP- 16  has  previously  been 
reported  for  intact  cells  only  [45,52].  We  anticipate  that  future  use  of  the  breast  cell  DNA 
synthesome  as  a  drug  model  will  provide  important  insights  into  the  mechanisms  of  action 


of  SN-38  and  VP-16. 
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From  the  work  presented  in  this  thesis,  we  have  drawn  several  important 
conclusions  about  breast  cell  DNA  replication.  Foremost,  we  have  demonstrated  that 
breast  cells  possess  a  multiprotein  complex  of  replication-essential  polypeptides, 
designated  the  DNA  synthesome,  that  is  competent  to  fiilly  support  SV40  DNA 
replication  in  vitro.  Second,  we  have  found  that  the  core  component  of  the  breast  cell 
DNA  synthesome  represents  a  complex  of  tightly  associated  DNA  synthetic  elongation 
factors.  Evidence  for  this  stems  from  our  observation  that  DNA  polymerases  a,  6,  DNA 
primase,  PCNA  and  RF-C  each  coprecipitates  with  antibodies  directed  against  DNA 
polymerases  a,  5  and  PCNA.  Third,  we  have  found  that  the  DNA  synthesome  isolated 
from  breast  cancer  cells  and  tissue  has  a  comparatively  lower  fidelity  for  DNA 
replication  than  the  synthesome  isolated  from  a  normal  breast  cell  line.  This  discrepancy 
in  replication  fidelity  between  the  malignant  and  non-malignant  breast  cell  DNA 
synthesome  suggests  that  transformation  to  the  malignant  phenot5^e  alters  the  process  by 
which  the  synthesome  from  normal  cells  replicates  DNA.  Finally,  utilizing  the  breast  cell 
DNA  synthesome  as  a  model  for  studying  the  mechanisms  of  action  of  SN-38  and  VP- 16, 
we  obtained  compelling  data  that  suggests  both  drug-stabilized  topoisomerase  I  and  n 
cleavable  complexes  represent  blocks  to  replication  fork  progression. 

One  of  our  fiiture  research  objectives  is  to  generate  a  three-dimensional  map  of  all 
the  protein-protein  interactions  within  the  breast  cell  DNA  synthesome.  In  order  to 
accomplish  this  goal,  it  will  be  necessary  to  determine  where  those  components  that  did 
not  coprecipitate  with  antibodies  directed  against  PCNA  or  DNA  polymerases  a  and 
6  (i.e.,  DNA  ligase  I)  lay  in  reference  to  the  core  complex.  Moreover,  to  construct  a 
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three-dimensional  map  every  protein  component  of  the  DNA  synthesome  must  be 
identified  and  the  subunit  composition  and  stoichiometry  of  each  component  determined. 
Recent  work  in  our  laboratory  indicates  that  in  addition  to  DNA  replication  proteins, 
several  DNA  repair  proteins  copurify  with  the  breast  cell  DNA  synthesome  [1].  These 
factors  include  the  following  mismatch  repair  proteins;  hMSH2,  hMSH6,  hMLHl, 
hPMSl,  hPMS2,  Kw80  and  MYH.  Furthermore,  the  DNA  synthesome  is  capable  of 
specifically  recognizing  and  binding  to  single  DNA  mismatches  and  insertion-deletion 
loops  of  two  and  four  nucleotides  [1],  That  DNA  repair  polypeptides  serve  as 
components  of  the  breast  cell  DNA  synthesome  is  consistent  with  the  results  of  numerous 
studies  demonstrating  an  intimate  link  between  the  processes  of  DNA  replication  and 
repair  [2-4],  For  example,  RP-A,  DNA  polymerase  e,  RF-C,  PCNA  and  DNA  ligase  I, 
which  are  proteins  that  play  integral  roles  in  mammalian  cell  DNA  synthesis  [reviewed  in 
5;  6],  cooperate  with  approximately  eighteen  other  polypeptides  in  in  vitro  nucleotide 
excision  reactions  reconstituted  with  purified  components  [2],  Also,  it  has  been  shown 
that  PCNA  associates  with  MLHl  and  MSH2  in  yeast,  and  is  required  for  efficient 
mismatch  repair  [3],  Determining  the  physical  organization  of  the  DNA  repair  proteins 
within  the  breast  cell  DNA  synthesome  is  one  of  our  next  immediate  tasks  for  the 
generation  of  an  accurate  map  of  the  protein-protein  interactions  within  the  breast  cell 
DNA  synthesome. 

A  second  future  research  objective  for  our  laboratory  is  to  elucidate  the 
mechanisms  by  which  the  DNA  replication  fidelity  and  repair  activity  of  the  breast  cell 
DNA  synthesome  are  regulated.  We  postulate  that  disruption  of  these  processes  during 
the  course  of  cellular  transformation  may  potentiate  the  increased  rate  of  genetic  mutation 
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and  genomic  instability  observed  in  breast  cancer  cells.  Indeed,  such  a  mutator  hypothesis 
has  been  described  for  hereditary  nonpolyposis  colorectal  cancer  (HNPCC),  in  which 
error-prone  DNA  synthesis  and  mutations  in  DNA  repair  proteins  of  tumor  cells  cause  an 
accumulation  of  extensive  cellular  DNA  damage  [7],  As  described  in  a  previous  chapter 
of  this  thesis,  the  DNA  synthesome  isolated  from  human  breast  cancer  cells  and  tissue 
possesses  a  replication  fidelity  approximately  5-6  fold  lower  than  that  of  the  synthesome 
isolated  from  a  non-malignant  human  breast  cell  line.  In  a  recent  report  from  our 
laboratory,  Sekowski  et  al.  further  examined  these  discrepancies  in  replication  fidelity 
between  the  malignant  and  non-malignant  breast  cell  DNA  synthesome.  It  was  found  that 
the  decreased  replication  fidelity  of  the  malignant  breast  cell  DNA  synthesome  derived 
from  cell  lines  (MCF  7,  MDA  MB-468  and  Hs578T)  or  human  tumor  tissue  does  not 
merely  result  from  an  increased  in  vitro  replication  activity  of  the  complex  or  a 
hyperplastic  pathology  of  breast  tumor  tissue.  Furthermore,  a  correlation  was  found 
between  the  decreased  replication  fidelity  of  the  malignant  breast  cell  DNA  synthesome 
and  an  accumulation  of  mutations  (insertions,  deletions  and  mismatches)  within  the 
replication  products  created  by  the  complex.  These  results  demonstrate  for  the  first  time 
that  functional  alterations  of  the  DNA  synthetic  and/or  repair  machinery  of  human  breast 
cancer  cells  lead  to  the  production  of  genetic  mutations. 

In  a  related  report  from  our  laboratory,  Bechtel  et  al.  provide  strong  evidence  for  a 
relationship  between  the  decreased  replication  fidelity  of  the  malignant  breast  cell  DNA 
synthesome  and  the  presence  of  a  novel  form  of  PCNA  within  the  complex  [9].  Utilizing 
two-dimensional  polyacrylamide  gel  electrophoretic  analysis  (2D  PAGE),  the  DNA 
synthesome  isolated  from  several  malignant  breast  cell  lines  (MCF  7,  MDA  MB-468  and 
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Hs578T)  as  well  as  from  human  lobular  and  ductal  breast  cancer  tissues  was  shown  to 
possess  a  form  of  PCNA  that  migrates  with  an  acidic  isoelectric  point  (pi).  In  contrast,  a 
basic  form  of  PCNA  was  found  in  the  DNA  synthesome  purified  from  non-malignant 
breast  (MCF  10  A)  cells  and  tissue.  As  the  nucleotide  sequences  of  clones  encoding  the 
PCNA  genes  derived  from  malignant  and  non-malignant  breast  cell  lines  were  identical, 
the  novel  form  of  PCNA  most  likely  results  from  an  altered  post-translational 
modification.  In  support  of  this,  Simbulan  et  al.  have  shown  that  PCNA  is  a  target  for 
poly(ADP)  ribosylation  [10].  Additionally,  phosphorylation  may  represent  a  possible 
modification  as  it  has  been  reported  that  PCNA  is  weakly  phosphate-labeled  and 
coprecipitates  with  a  number  of  associated  protein  kinases  [11].  Experiments  are 
currently  underway  in  our  laboratory  to  determine  the  t)q)e  of  post-translational 
modification  made  to  PCNA  in  breast  cancer  cells.  Furthermore,  the  effects  of  such  an 
alteration  on  the  ability  of  PCNA  to  interact  with  DNA  replication  and  repair  proteins 
will  also  be  examined. 

In  both  of  the  aforementioned  studies  from  our  laboratory,  a  decreased  fidelity  for 
DNA  replication  by  the  synthesome  and  the  novel  form  of  PCNA  were  found  in  100%  of 
the  malignant  breast  cells  examined  [8,9].  These  results  are  significant  because  they 
indicate  that  both  a  decreased  replication  fidelity  and  the  novel  form  of  PCNA  represent 
hallmarks  of  malignancy  in  breast  cells.  Consequently,  each  may  serve  as  a  better 
indicator  of  breast  cell  malignancy  than  other  currently  used  molecular  markers  (i.e.,  p53, 
her2/neu,  progesterone  and  estrogen  receptor  status)  which  are  found  in  only  a  fraction  of 
all  breast  tumors.  Efforts  are  presently  being  made  to  develop  the  decreased  replication 
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fidelity  of  the  synthesome  and  the  novel  form  of  PCNA  as  markers  for  the  detection  and 
diagnosis  of  breast  cancer. 

A  third  fiiture  research  objective  for  our  laboratory,  stemming  fi'om  the  work 
presented  in  this  thesis,  is  to  employ  the  DNA  synthesome  as  a  model  to  study  in  detail 
the  modes  of  action  of  SN-38  and  VP- 16.  A  number  of  studies  performed  in  intact  cells 
have  demonstrated  that  SN-38  and  VP-lb-stabilized  topoisomerase  DNA  cleavable 
complexes  represent  blocks  to  replication  fork  progression  [12-14].  Our  observation  that 
these  agents  cause  an  accumulation  of  short  DNA  molecules  by  the  DNA  synthesome 
during  replication  in  vitro  are  consistent  with  these  reports.  However,  the  actual 
mechanisms  by  which  SN-38  and  VP-16-stabilized  cleavable  complexes  impede 
replication  fork  progression  are  currently  unknown.  It  has  been  postulated  that  either 
component  of  long-lived  cleavable  complexes,  the  covalent  topoisomerase-DNA 
complexes  or  DNA  strand  breaks,  can  impede  the  translocation  of  replication  machinery 
along  template  DNA  [14].  As  both  topoisomerases  I  and  II  serve  as  components  of  a 
multiprotein  complex,  it  is  also  possible  that  topoisomerase  poisons  block  the  movement 
of  the  replication  machinery  along  DNA  by  freezing  the  entire  complex  on  template 
DNA.  We  are  currently  performing  experiments  to  address  these  hypotheses. 

Finally,  several  lines  of  evidence  indicate  that  SN-38  inhibits  topoisomerase  I 
activity  during  the  initiation  and  elongation  stages  of  DNA  synthesis  [15,16].  There  are 
several  conflicting  reports,  however,  regarding  at  which  stage  of  DNA  synthesis  VP- 16 
poisons  topoisomerase  n  activity.  For  example,  Snapka  et  al.  found  that  VP-16  acts 
during  the  late  stages  of  DNA  synthesis  in  CV-1  cells  to  block  the  decatenation  of 
intertwined  daughter  DNA  molecules  [12,17].  In  contrast,  Kauffman  et  al.  observed  that 
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the  exposaire  of  intact  diploid  human  fibroblasts  to  VM-26,  a  topoisomerase  11  inhibitor 
with  a  mechanism  of  action  similar  to  that  of  VP- 16,  inhibits  DNA  chain  elongation  in 
operating  replicons  [18],  Our  observation  that  VP- 16  caused  an  extensive  accumulation 
of  short  daughter  DNA  molecules  during  synthesome  mediated  in  vitro  replication  is 
consistent  with  the  latter  result  and  may  be  interpreted  to  suggest  that  topoisomerase  11 
normally  functions  during  the  elongation  stage  of  DNA  synthesis.  More  work  is 
necessary  to  confirm  this  role  for  topoisomerase  11  during  DNA  synthesis.  We  anticipate 
that  future  work  with  the  breast  cell  DNA  synthesome  will  provide  important  insights 
into  the  mechanisms  of  action  of  SN-38  and  VP- 16  as  well  as  the  roles  of  topoisomerases 
in  breast  cell  DNA  replication. 
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